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A  CRITIQUE  AND  STUDY  ON  THE  NATURE  OF  THE  VOLTA 
EFFECT. 

Br  Aumi  E.  Hbnnihcs. 

PR  over  a  century,  physicists  have  diligently  sought  an  explanation 
of  the  Volta  effect.  Although  numerous  and  extensive  investiga- 
tions have  been  undertaken  for  that  purpose,  no  general  agreement  has 
yet  been  reached.  This  is  due  in  part  to  the  difficulties  and  uncertainties 
inherent  in  the  problem  which  extend  even  to  the  simplest  experiments. 
It  is  a  matter  of  importance,  therefore,  that  ample  and  crucial  experi- 
ments be  devised  and  that  they  be  performed  in  such  a  way  as  to  yield 
results  which  are  incontestable.  Not  before  is  it  permissible  to  attempt 
"explanations."  Hence  the  primary  object  of  this  paper  is  to  establish 
more  firmly  some  of  the  significant  facts  rather  than  to  advocate  vigor- 
ously any  theory  in  regard  to  the  fundamental  nature  of  the  Volta  effect. 

Examination  of  Sanford's  Results. 
A  recent  article*  by  Sanford  makes  such  a  study  not  untimely.  He 
has  described  experiments  the  results  of  which,  as  he  interprets  them, 
furnish  an  effective  ailment  against  the  so-called  electrolytic  theory  of 
the  Volta  effect.  He  believes  he  has  shown  that  the  charge  exhibited 
by  an  insulated  conductor,  such  as  a  ball,  after  it  has  made  contact  with 
the  inner  surface  of  a  hollow  earthed  conductor,  such  as  a  beaker,  is 
dependent  on  the  nature  of  the  outside  surface  of  the  latter.  This  con- 
clusion, upon  which  his  ailment  is  chiefiy  based,  seemed  untenable  to 
the  writer  because  the  generally  accepted  facts  of  the  phenomenon,  to- 
gether with  incidental  observations  in  an  investigation  now  going  on 
in  this  same  field,  left  no  doubt  in  his  mind  that  the  Volta  effect  depends 
solely  upon  the  nature  of  the  opposed  surfaces.  (By  opposed  surfaces 
is  meant  the  two  metal  surfaces  which,  with  the  intervening  dielectric, 

'  Pan.  Rkv..  XXXV.,  p.  484.  December,  igii. 
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2  ALBERT  E.  BEWNIIICS.  ^SS 

constitute  the  condenser  system,  the  charge  upon  which  is  measured  in 
experiments  upon  the  Volta  effect.) 

An  attempt  was  therefore  made  to  reproduce  the  essential  elements  of 
the  experiment  described  by  Sanford.  The  whole  assemblage  of  appa- 
ratus was  enclosed  in  a  cage  of  wire  netting  however  and  a  Dolazelek 
electrometer  was  used  instead  of  an  electroscope.  While  the  results 
obtained  were  fairly  consistent  for  observations  taken  consecutively  there 
were  lai^e  and  apparently  unaccountable  variattoas  from  one  time  to 
another.  After  making  several  series  of  unsatisfactory  observations,  it 
was  discovered  that  the  silk  cord  which  in  Sanford's  experiments  served 
to  insulate  the  ball  and  to  raise  or  to  lower  it  was  invariably  charged. 
Decided  induction  effects  were  therefore  produced  which  could  not  be 
eliminated  even  when  the  ball  was  attached  by  a  wire  so  that  no  part 
of  the  cord  came  within  20  or  25  cm.  of  any  portion  of  the  beaker.  All  the 
cases  described  by  Sanford  were  investigated  several  times  but  none 
yielded  results  which  could  be  interpreted  as  Sanford  interpreted  his. 
In  spite  of  the  disturbing  influence  of  the  chaiged  cord,  there  seemed  to  be 
no  doubt  that  the  Volta  effect  depended  on  the  opposing  surfaces.  It  is 
certain  that  in  Sanford's  experiments,  the  true  effect  was  masked  to  a 
large  extent  by  disturbing  causes.  An  insulating  silk  cord  absolutely 
devoid  of  an  electrical  chaige  appears  to  be  an  impossibility.  And  when 
it  is  noted  that  the  arrangement  is  then  an  ideal  one  for  charging  by 
induction  it  is  obvious  that  the  charge  exhibited  by  the  ball  would  depend 
to  an  indeterminable  extent  on  the  intensity  and  orientation  of  that  on 
the  cord. 

A.  Modification  OF  THE  Experimental  Arrangement:  Qualitative 
Measurements. 

In  order  to  do  away  with  the  silk  cord  and  the  attendant  disturbances, 
it  was  decided  to  insulate  the  metallic  beaker  instead  of  the  ball  and  to 
operate  the  ball  with  an  earthed  wire.  It  was  dedded  also  to  study  a 
laiger  number  of  cases  than  had  been  investigated  by  Sanford. 

It  was  found  that  pieces  of  sealing  wax  did  not  serve  satisfactorily 
for  insulating  the  discs  and  beakers  which  were  to  be  used  because  leaks 
and  noticeable  charges  very  soon  developed.  An  insulating  stand  was 
then  constructed  of  small  tubes  and  narrow  strips  of  brass  with  a  portion 
of  the  legs  made  up  of  slender  ebonite  rods.  The  apparatus  was  disposed 
as  shown  in  Fig.  I,  all  being  enclosed  in  a  wire  cage  which  was  well 
grounded.     All  manipulations  took  place  from  the  outside. 

The  sensitiveness  of  the  electrometer  needle  was  such  that  when 
charged  to  about  30  volts  a  potential  difference  of  one  volt  between  the 
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pairs  of  quadrants  caused  the  reflected  image  from  the  mirror  attached 
to  it  to  move  140  mm.  at  a  distance  of  135  cm.  The  conductor  to  be 
examined  was  placed  upon  the  insulating  stand  and  the  ball  lowered  to 
contact.  The  grounding  key,  £1,  was  raised  by  a  lever  whose  fulcrunf 
was  at/i-    Then  the  ball  was  made  to  rise  so  far  above  the  insulated  body 


as  to  have  no  further  influence  upon  it.  This  charge  was  divided  with 
the  insulated  quadrants  of  the  electrometer  by  bringing  K\  into  the 
mercury  cup.  Then  Kt  was  raised,  the  ball  lowered  and  raised,  and  Kt 
again  lowered  in  turn.  These  successive  operations  were  repeated  until 
the  electrometer  needle  indicated  practically  no  further  increase  in  the 
charge  on  the  insulated  pair  of  quadraots.  The  latter  were  then  at 
approximately  the  same  potential  as  the  insulated  body.  This  method 
was  used  merely  in  order  to  conform  as  nearly  as  possible  to  Sanford's 
procedure.  The  keys,  K\  and  Ki,  as  well  as  the  wire  attached  to  the 
ball  were  manipulated  from  the  point  at  which  observations  were  made. 
The  potential  indicated  by  the  electrometer  would  of  course  not  be  the 
potential  difference  actually  existing  between  the  opposing  surfaces  at 
the  time  of  contact.  Nor  indeed  can  the  Volta  P.D.  be  found  with  this 
sort  of  an  experimental  arrangement  since  the  capacity  of  the  system 
consisting  of  the  ball  and  beaker  or  ball  and  disc  cannot  be  evaluated. 
Comparisons  may  be  made,  however,  between  results  obtained  under  the 
same  conditions  and  definite  conclusions  drawn  from  them. 

The  ball  was  one  of  steel,  5  cm.  diameter.    Discs  of  brass  and  aluminum 
as  well  as  beakers  of  these  metals  were  used  as  the  insulated  conductor. 
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These  were  also  covered  in  various  degree  with  tinfoil.  The  discs  were 
each  9  cm.  in  diameter.  The  brass  beaker  was  lo  cm.  in  diameter  and 
12.5  cm.  high  and  the  aluminum  beaker  was  10  cm.  in  diameter  and  14.5 
cm.  high. 

With  the  above  arrangement,  series  of  results  obtained  at  intervals 
extending  over  days  were  in  such  excellent  agreement  that  disturbing 
influences  must  have  been  quite  removed.  Such  diflterences  as  did  appear 
were  no  larger  than  could  be  accounted  for  by  the  probable  errors  of 
observation  in  this  simple  and  comparatively  crude  method  of  procedure. 
Changes  with  time  are  also  to  be  expected  because  of  the  variable  surface 
condition  of  the  conductors.  The  numbers  given  in  connection  with 
each  of  the  several  cases  to  be  described  are  the  means  of  three  values 
obtained  in  as  many  complete  series  of  observations  taken  on  different, 
not  consecutive,  days.  They  represent  in  volts  the  approximate  maxi- 
mum potential  indicated  by  the  electrometer  in  the  manner  outlined 
above  when  the  steel  ball  had  been  in  contact  with  the  particular  body 
under  the  conditions  to  be  specified.  The  order  of  accuracy  of  the  indi- 
vidual observations  from  which  the  means  are  taken  lay  within  .02  volt. 
With  the  ball  making  contact  with  the  center  of  the  brass  disc,  the 
observed  values  were 

—  .093  volt  for  one  face, 

-t-.027  volt  for  the  other  face. 

This  indicates  merely  a  dissimilarity  between  the  two  faces.  When  one 
of  the  faces  was  completely  covered  with  tinfoil  the  value  was 

+.403  volt  for  the  tinfoil  surface, 
and  when  a  circular  hole  2.5  cm.  in  diameter  was  cut  in  fhe  tinfoil  thus 
allowing  the  ball  to  make  contact  with  the  brass  without  touching  the 
tinfoil  the  value  became 

-I- .023  volt  for  the  first  of  the  two  faces  considered  above  in  the  presence 

of  the  tinfoil  ring, 
-f-.i07  volt  for  the  other  face  considered  above  in  the  presence  of  the 

tinfoil  ring. 
The  tinfoil  has  thus  a  marked  influence  upon  the  result  although  the 
ball  does  not  make  contact  with  it.     Similarly  with  one  face  of  the 
aluminum  disc  the  observations  gave 
-I-.690  volt  for  the  naked  disc, 
-f  .400  volt  for  the  tinfoil  surface, 

+.633  volt  for  the  face  covered  with  tinfoil  except  for  circular  space  2.5 
cm.  in  diameter  in  the  center.  ■ 

vie 
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Again  the  tinfoil  makes  its  presence  felt.  In  both  cases  the  change  which 
it  brings  about  is  such  as  to  bring  the  combined  effect  toward  that 
observed  for  it  alone  and  indeed  the  amount  of  this  change  is  the  greater 
the  larger  the  difference  between  the  independent  effects  of  the  tinfoil 
and  the  metal  upon  which  it  is  placed. 

When  the  discs  were  replaced  by  the  beakers  in  an  upright  position  so 
that  the  ball  made  contact  with  the  center  of  the  bottom  on  the  inside, 
the  observed  values  were 

—  .103  volt  for  the  brass  beaker, 
+.390  volt  for  the  aluminum  beaker. 

Upon  placing  cylinders  of  tinfoil  on  the  inside  of  the  beakers  leaving  the 
bottoms  exposed,  the  values  became 

+.047  volt  for  the  brass  beaker, 
+  .357  volt  for  the  aluminum  beaker. 
The  change  brought  about  by  the  tinfoil  is  surprisingly  great  when  it  is 
noted  that  the  portion  of  its  surface  nearest  the  ball  was  over  2  cm.  away. 
The  extent  of  the  surfaces  opposed  to,  and  within  range  of  each  other, 
was  very  large  however. 

When  the  outside  of  the  beakers  was  covered  with  tinfoil,  leaving 
exposed  the  inside  surfaces,  the  values  observed,  after  the  ball  had  been 
brought  in  contact  with  the  bottom,  were 

—  .100  volt  for  the  brass  beaker, 
+.380  volt  for  the  aluminum  beaker. 

These  values  are  the  same  as  those  obtained  with  the  naked  beakers. 
The  effect  is,  therefore,  completely  independent  of  the  nature  of  the  outside 
surface. 

This  last  conclusion  was  confirmed  by  using  what  was  in  effect  a  hollow 
vessel  with  a  brass  bottom  and  tinfoil  sides.  The  brass  disc  was  placed 
in  the  bottom  of  the  beaker,  the  sides  of  which  were  covered  with  the 
tinfoil  cylinder  used  above.  The  ball  then  made  contact  with  the  center 
of  the  disc.    This  gave 

+.093  volt  with  brass  on  the  outside, 

+,080  volt  with  aluminum  on  the  out^de. 
Replacing  the  brass  disc  by  the  aluminum  disc  gave 

+.477  volt  with  brass  on  the  outside, 

+467  volt  with  aluminum  on  the  outside. 
Evidence  that  the  effect  is  independent  of  the  outside  surface  is  not 
wanting.     (That  the  values  for  the  aluminum  beaker  should  tend  to  be 
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somewhat  less  thao  those  for  the  brass  beaker  in  these  cases,  is  accounted 
for  by  the  fact  that,  since  the  aluminum  beaker  is  larger  than  the  one  of 
brass,  the  capacity  of  the  insulated  system  is  slightly  greater  with  the 
former  than  with  the  latter,  forming  a  part  of  it.) 

When  the  brass  disc  was  placed  on  the  bottom  of  the  inverted  beakers 
with  the  ball  making  contact  with  the  center  of  the  disc,  the  observed 
values  were 

—  .067  volt  with  brass  disc  on  brass  beaker, 

—  .060  volt  with  brass  disc  on  aluminum  beaker. 

With  the  aluminum  disc  replacing  the  one  of  brass,  the  values  were 
+  .403  volt  with  aluminum  disc  on  brass  beaker, 
+.390  volt  with  aluminum  disc  on  aluminum  beaker. 
It  is  here  seen  that  the  effect  depends  only  on  the  opposing  surfaces,  as 
has  been  apparent  in  all  the  preceding  cases. 

These  several  cases  were  varied  by  using  also  a  brass  ball,  and  a  number 
of  other  special  cases  were  studied  but  the  results  are  not  here  presented 
since  they  are  in  every  respect  similar  to  those  given  above.  They  all 
furnish  unmistakable  evidence  that  the  Volta  effect  depends  only  on  the 
nature  of  the  opposing  surfaces.  By  none  of  the  results  is  there  suggested 
any  ar^ment  in  favor  of  the  possibility  that  the  effect  depends  even  in 
the  slightest  degree  on  the  nature  of  the  surface  of  the  outside  of  a  hollow 
conductor  when  a  second  conductor  has  made  contact  with  the  inside. 
It  is  only  those  portions  of  the  surfaces  which  are  exposed  to,  and 
within  range  of,  each  other  that  come  into  play.  All  such  surfaces  con- 
tribute to  the  general  effect  according  to  their  extent  and  relative 
proximity. 

It  is  to  be  noted,  as  stated  before,  that  the  numerical  results  which 
have  been  given  do  not  represent  the  true  values  of  the  Volta  P.D.  Also, 
sjnce  the  capacity  and  relative  proximity  and  extent  of  the  opposing 
parts  are  not  the  same  in  all  cases,  the  deviations  vary  accordingly. 
Thus,  the  effect  observed  between  the  ball  and  the  aluminum  plate  is 
apparently  greater  when  the  latter  is  examined  alone  than  when  it  is 
placed  upon  the  bottom  of  an  inverted  beaker.  The  real  effect  is  the 
same  for  both  but  does  not  appear  so  because  the  capacity  of  the  insulated 
system  is  greater  in  the  one  case  than  in  the  other.  However,  except 
for  the  aluminum  beaker  being  somewhat  larger  than  the  one  of  brass, 
the  conditions  and  circumstances  surrounding  those  cases  which  furnished 
the  ailments  for  any  of  the  general  conclusions  were  ^milar  in  all 
respects.  Hence  the  conclusions  which  have  thus  far  been  drawn  are  the 
inevitable  ones  which  would  be  reached  through  a  knowledge  of  the 
exact  values  of  the  Volta  P.D.'s.  | 
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It  is  obvious  that  the  surfaces  of  different  conductors  in  connection 
with  the  earth,  either  separately  or  in  mutual  contact,  are  at  different  yet 
definite  potentials  with  reference  to  the  earth  and  thus  exhibit  definite 
potential  differences  with  reference  to  each  other.  It  must  be  assumed 
that  the  entire  surface  of  a  conductor  in  air  is  a  seat  of  electrification  the 
nature  and  intensity  of  which  is  characteristic  of  the  suriace.  If  the 
conductor  is  (ximposed  of  dissimilar  metals  or  if  its  surface  is  non-homo- 
geneous,  then  the  inten^ty  and  character  of  the  electrification  displayed 
in  various  portions  of  the  surface  are  variable  and  fluctuate  in  such  a 
way  as  to  reflect  accurately  the  conditions  in  the  region  considered. 

B.  A  Closer  Study  of  the  Phekomekon:  "Approach"  and 
"Separation"  Charges. 

A  more  detailed  study  of  a  few  of  the  cases  was  found  desirable  and  of 
service  in  extendii^  and  confirming  the  interpretations  already  given. 
The  experiment  was  accordingly  modified  in  this  way:  The  conductor 
to  be  examined  was  permanently  connected  ^ith  the  electrometer  by 
means  of  the  key,  Ki  (Fig.  i ).  After  bringing  the  ball  in  contact  with  the 
conductor  on  the  stand  and  raising  Ki,  the  grounding  key,  the  ball  was 
very  slowly  raised  and  the  deflection  of  the  electrometer  needle  noted  as 
the  ball  moved  upward. 

With  a  brass  plate,  there  was  a  deflection  of  6  mm.  to  the  left  jtist  as 
the  ball  began  to  rise  which  became  greater  as  the  ball  rose  higher, 
reaching  a  maximum  of  12  mm.  when  the  lower  extremity  of  the  ball  was 
5  or  6  cm.  from  the  disc.  As  would  be  anticipated  from  the  above,  there 
was  a  deflection  to  the  right  when  the  ball  approached  the  plate  if  the 
latter  had  been  first  earthed  and  then  insulated.  Furthermore  when  the 
ball  moved  away  from  a  point  near,  instead  of  in  contact  with,  the  surface 
of  the  plate  which  had  been  discharged  to  earth  and  then  insulated,  the 
deflection  was  of  course  to  the  left.  The  deflection  to  the  right  indicated 
a  positive,  that  to  the  left,  a  negative,  charge.  These  have  been  termed 
by  Majorana'  "approach"  and  "separation"  charges  respectively.  These 
phenomena,  if  no  others,  make  it  necessary  to  assume  that,  whatever 
be  the  fundamental  cause  of  the  electrical  manifestations  at  the  surface 
of  a  conductor,  they  deport  themselves  just  as  would  an  insulated  elec- 
trical layer  of  uniform  (for  a  given  conductor  of  homogeneous  suriace) 
distribution.  It  is  under  the  limitations  of  this  assumption  that  the 
suriace  of  conductors  will  be  spoken  of  as  being  charged.  The  suriace 
of  the  ball  being  thus  positively  charged  with  reference  to  that  of  the 
brass  plate  induces  a  relatively  negative  chaise  in  the  latter  upon  ap- 
proaching it,  and  a  positive  charge  in  the  quadrants  of  the  electrometer. 
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When  the  ball  moves  away  the  charges  that  were  induced  are  redis- 
tributed. With  the  aluminum  disc  the  approach  and  separation  charges 
due  to  the  ball  were  larger  and  of  opposite  sign  to  those  noted  for  the 
brass,  the  aluminum  being  positive  with  reference  to  the  steel  ball. 

In  the  case  of  the  brass  disc  covered  with  tinfoil  except  for  a  circular 
space  in  the  center,  it  was  found  that  while  the  deflection  of  the  elec- 
trometer needle  was  7  mm.  to  the  right  when  the  ball  was  far  removed,  it 
was  to  the  left  jusl  as  the  ball  began  to  rise,  reaching  a  maximum  in  that 
direction  when  the  ball  was  about  2  or  3  mm.  a^ay.  Then  as  the  ball 
continued  upward  it  shifted  to  the  right.  This  is  to  be  explained  as 
follows:  While  the  brass  is  negative,  the  tinfoil  is  positive,  with  reference 
to  the  ball.  Accordingly,  a  relatively  negative  charge  is  induced  in  the 
brass,  and  a  relatively  positive  charge  is  induced  in  the  tinfoil.  When  the 
ball  is  completely  removed  these  charges  become  free,  the  resultant 
charge  indicated  being  of  the  sign  of  the  greater.  A  negative  deflection 
is  first  indicated  because  for  the  first  3  or  3  mm.  the  charge  induced  by 
the  ball  in  the  brass  is  released  at  a  greater  rate  than  that  induced  in 
the  tinfoil.  Then  the  relative  change  in  induction  between  the  ball 
and  the  tinfoil  becomes  the  greater.  The  final  charge  displayed  is  the 
net  result  of  all  the  factors  at  work  just  as  the  ball  leaves  the  point  of 
contact.    It  is  seen  to  some  extent  how  the  individual  factors  contribute. 

A  brass  beaker  was  examined  in  the  manner  outlined  above,  first 
naked  and  then  with  a  tinfoil  band  about  3  cm.  wide  covering  the  upper 
inside  portion.     Fig.  2  shows  the  various  approximate  positions  of  the 
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ball  was  in  the  bottom  of  the  beaker  the  tinfoil  was  too  far  away  to  exert 
any  influence.  It  was  found  that  this  continued  to  be  the  case  when  the 
beaker  was  covered  half  way  down  on  the  inside  with  tinfoil.  When 
extended  beyond  this  point,  the  tinfoil  began  to  make  its  influence  felt. 
It  is  seen  that  the  deflection  which  was  in  the  negative  direction  showed  a 
temporary  increase  as  the  'ball  approached  and  passed  by  the  tinfoil 
collar.  Considering  the  brass  beaker  alone,  the  increaung  deflection  is 
due  to  the  separation  charge  between  the  ball  and  the  beaker.  With 
the  tinfoil  present  there  are  successively  an  approach,  and  a  separation, 
charge  due  to  the  tinfoil  and  the  ball.  These  are  simply  superimposed 
upon  the  separation  chaise  due  to  the  ball  and  the  beaker.  A  "tinned" 
surface  in  place  of  the  tinfoil  produced  an  effect  of  approximately  the  same 
magnitude.  A  band  of  copper  wire  gauze  on  the  inside  of  an  aluminum 
beaker  produced  a  similar  effect,  the  deflections  being  in  the  poutive 
direction  since  the  aluminum  was  positive,  and  the  gauze  negative,  with 
reference  to  the  ball. 

This  minute  study  of  the  approach  and  separation  chai^^  thus 
furnishes  an  excellent  means  of  analyzing  the  effects  of  composite  sur- 
faces. Each  portion  acts  independently,  its  contribution  to  the  general 
effect  being  just  what  it  would  be  if  it  acted  alone,  so  that  taking  into 
accdunt  the  disposition  and  extent  of  the  components,  the  estimated 
effect  coincides  with  that  observed. 

C.  Quantitative  Measurements  of  the  Volta  Effect  with 
Composite  Surfaces. 

While  the  above  experiments  serve  admirably  to  establish  general 
relationships,  they  are  not  adapted  for  exact  quantitative  measurements. 
To  decide  whether  the  components  of  a  composite  surface  contribute 
to  the  general  effect  in  exact  proportion  to  their  extent,  their  relative 
proximity,  and  the  intensity  and  character  of  their  electriflcation  required 
another  experimental  arrangement. 

Suppose  we  have  two  plates,  A  and  B,  with  their  faces  parallel  and 
near,  but  not  in  contact  with,  each  other.  Let  A  be  connected  to  one  pair 
of  quadrants  of  an  electrometer  which  together  with  B  are  grounded. 
Then  upon  insulating  the  quadrants  with  which  A  is  in  communication 
and  moving  B  away,  a  separation  chaise  is  noted  by  means  of  the  elec- 
trometer because  of  a  characteristic  difference  of  potential  between  the 
surfaces  of  A  and  B.  The  plate  B  may  be  so  charged  with  a  potential 
divider  that  there  will  be  no  deflection  set  up  in  the  electrometer  upon 
moving  B  either  away  from,  or  toward,  A.  The  potential  thus  applied 
to  bring  this  about  is  simply  superimposed  upon  the  surface  potential 
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already  existing  so  that  it  is  numerically  equal,  and  opposite  in  sign,  to 
the  original  P.D.  between  the  surfaces  of  A  and  B.  Direct  "contact" 
is  not  made  between  the  surfaces ;  they  are  merely  in  temporary  com- 
munication through  the  earth.  This  is  one  of  the  familiar  methods  of 
measuring  the  Volta  P.D.  between  two  given  metals.  The  foregoing 
results  suggest  the  hypothesis  that  if  the  surface  of  ^  be  made  up  of  two 
or  more  metals  then  the  compensating  potential  will  be  the  average  P.D. 
between  B  and  thb  constituent  parts  of  ^.  It  was  to  ascertain  if  this  is 
a  fact  that  the  following  experiments  were  made. 


Fig.  3. 


The  arrangement  is  sketched  in  Fig.  3.  A  is  the  insulated  plate  which 
w^  removable,  one  of  brass  and  one  of  aluminum  being  used.  Each 
was  tested  against  B,  a  brass  plate,  both  naked  and  covered  in  various 
proportions  with  tinfoil.  The  insulating  plug  consisting  of  ebonite  was 
covered  with  a  metal  cap  to  screen  off  disturbances  likely  to  arise  from 
possible  charges  on  its  surface.  The  initial  distance  between  A  and  B 
was  roughly  adjusted  by  the  set-collar  c,  and  then  more  accurately  by 
screwing  A  up  or  down  in  the  insulating  plug.  When  c  rested  upon  the 
projecting  sleeve  of  the  upper  portion  of  the  brass  frame,  A  and  B  were 
at  a  fixed  minimum  distance  apart.  The  plate  B  was  raised  or  lowered 
by  means  of  the  wire  w  operating  over  the  pulley  p.  B  and  the  frame 
were  charged  by  means  of  a  potential  divider.  The  reversing  switch  S 
made  it  convenient  to  charge  either  positively  or  negatively  and  k  served 
to  ground  the  system.  The  functions  of  the  other  parts  of  the  apparatus 
suggest  themselves.  The  electrometer  and  the  frame  supporting  the 
plates  were  enclosed  in  the  wire  cage  of  the  preceding  experiments. 

In  the  actual  experiment  it  was  not  wholly  satisfactory  to  adjust  the 
compensating  potential  until  a  balance  was  reached  since  the  sensitive- 
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ness  of  the  arrangement  was  greater  than  the  accuracy  with  which  the 
readings  on  the  voltmeter  could  be  made.  Therefore  the  P.D.  across  the 
terminals  of  the  voltmeter  was  fixed  at  some  convenient  value.  The 
method  was  then  to  apply  this  P.D.  positively  and  negatively  in  turn  to 
B,  noting  in  each  case  the  deflection  in  the  electrometer  upon  raising  B. 
Proceeding  in  this  way  we  have: 

— ^' 

where 

E  =  natural  P.D.  {«.  e..  the  Volta  P.D.)  between  the  surfaces. 
PD  -  applied  P.D. 
di  =  deflection  of  electrometer  when  +PD  is  applied  to  B. 
dt  =  deflection  when  —  PD  is  applied. 

di  and  dt  are  to  be  taken  with  their  sign,  the  balancing  point  of  the 
neetjie  being  zero. 

The  plates  were  8  cm.  tn  diameter  and  the  initial  distance  between 
their  surfaces  was  1.75  mm.  The  tinfoil  covering  the  surface  of  A  in 
whole  or  in  part  was  of  course  nearer.  It  was  smoothed  out  by  pressing 
it  with  a  similar  piece  of  foil  covering  the  fingers.  Its  upper  surface  was 
estimated  to  be  on  the  average  approximately  .25  mm.  above  that  of  the 
plate  beneath.  The  fact  of  its  being  nearer  to  the  opposing  surface  than 
that  of  those  exposed  portions  of  the  surface  upon  which  it  is  placed 
will  involve  a  correction  which  will  be  taken  up  later. 

In  the  table  which  follows  are  given  a  sample  series  of  results.  The 
plate  was  first  examined  entirely  covered  with  tinfoil.  Then  a  sector  of 
120°  of  the  tinfoil  was  removed,  followed  by  60",  60°,  120°  more  succes- 
sively so  that  the  final  test  was  with  the  naked  plate.  The  latter  part 
of  the  table  gives  the  results  with  the  surfaces  divided  concentrically,  i.  e., 
a  circle  of  one  half  the  area  of  the  plate  was  cut  out  of  the  foil  exactly 
covering  it.  Measurements  were  made  with  the  ring  of  foil  as  well  as 
with  the  small  circle  which  had  been  cut  out,  each  being  centrally  placed 
upon  A. 

The  calculation  of  the  average  P.D.  which  exists  between  a  homo- 
geneous surface  B,  and  a  composite  surface  A,  is  made  as  follows: 

Suppose  the  dissimilar  surface  to  consist  of  two  metals,  each  of  which 
is  homogeneous,  and  in  the  same  plane,  then 


fli  +  fli    . 
where 

E  is  the  average  P.D.  between  A  and  B. 

e\  is  the  P.D.  between  B  and  one  of  the  parts  of  ^4.  ,-.  , 
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Oi  is  the  area  of  this  part  of  A. 

et  is  the  P.D.  between  B  and  other  portion  oi  A.,  ■ 

at  is  the  area  of  this  portion  of  A. 


P.D.  Call.  Sup- 

P.D.CornctMibr 

Ratio  of  Bxpoicd  Saibsii. 

poalDfl  Surbcu 
In  S>D»  Plane. 

'•"^v5-' 

Surfaces  divided  radiaJly 

Tinfoil 

Aluminum 

1 

0 

+,352 

.352 

.352 

2 

1 

-472 

.483 

.469 

1 

1 

.530 

.548 

.533 

1 

2 

.597 

.614 

.600 

0 

1 

.744 

.744 

.744 

Tinfoil     . 

Brass 

1 

0 

+.336 

.336 

.336 

2 

1 

.237 

.225 

.236 

1 

1 

.184 

.169 

.182 

1 

2 

.118 

.113 

.125 

0 

1 

.002 

.002 

.002 

Surfaces  divided  concentrically 

Tinfoil                 Aluminum 

1                             0 

+.356 

.366 

.366 

Aluminum  outside 

.549 

.560 

.544 

.539 

.560 

.544 

0 

1 

.754 

.754 

.754 

T^nfwl 

Brass 

1 

0 

+.380 

.380 

.380 

B             tsd                          ' 

.207 
.214 
.00* 

.192 
.192 
.004 

.206 

Brass  inside 

.206 

0             1                1 

.004 

If  the  parts  of  the  dissimilar  surface  are  not  in  the  same  plane,  the 
portion  which  is  the  closer  contributes  relatively  as  much  more  to  the 
general  effect  as  it  would  if  its  surface  were  larger  in  the  ratio  by  which 
it  is  the  nearer  to  the  opposing  surface.  The  above  expression  must  then 
be  rewritten  in  the  form, 


fllCi  + 


«.( 


i  +  - 


d,  -  d,\ 


)'• 


Ol  + 


«■( 


I     +    - 


dx 


where 

dt  is  the  distance  between  B  and  portion  Oi  of  ^. 
di  is  the  distance  between  B  and  portion  atot  A. 
Upon  applying  this  correction  it  is  seen  that  the  agreement  between  the 
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observed  and  calculated  values  as  shown  by  the  first  and  third  columns 
of  the  table  is  as  close  as  the  limits  of  the  accuracy  of  the  measurements 
permit.  In  the  case  of  the  surfaces  being  divided  concentrically  it 
appears  that  the  portion  exposed  ia  the  form  of  a  ring  contributes  more 
than  an  equal  portion  in  the  form  of  a  circle  in  the  center.  This  is 
accounted  for  by  the  fact  that  the  effect  due  to  the  edges  of  the  opposing 
surfaces  is  not  negligible  so  that  the  effective  surfaces  are  slightly  greater 
in  extent  than  the  dimen^ons  indicate.  This  increment  accrues  to 
the  advantage  of  the  outer  ring. 

A  composite  surface  of  brass  and  lead  was  formed  by  pressing  brass 
gauze  into  a  sheet  of  lead  by  means  of  a  roller  press.  The  lead  coming 
through  the  openings  was  pressed  flat  but  left  exposed  one  face  of  the 
brass  gauze.  The  strands  of  the  latter  were  also  flattened  at  their 
crossing  points  so  that  the  whole  surface  was  approximately  i^ane.  The 
lead  alone  when  passed  through  the  press  showed  a  P.D.  of  +.37  volt 
against  the  brass  plate,  and  the  gauze  similarly  passed  through  gave 
—  .13  volt.  The  gauze  and  lead  t(^ether  gave  +.14  volt.  Since  the 
gauze  was  made  up  of  wire  .55  mm.  in  diameter,  is  strands  to  the  inch, 
the  ratio  between  the  exposed  surfaces  of  lead  and  brass  was  approxi- 
mately 52  to  48.  The  computed  average  P.D.  between  the  brass  plate 
and  this  composite  surface  was  thus  +.13  volt  which  compares  favorably 
with  +.14  volt,  the  observed  value.  . 

A  piece  of  very  fine  copper  gauze  of  45  strands  to  the  inch  was  almost 
completely  imbedded  in  a  sheet  of  lead  by  pressing  it  well  in  and  then 
burnishing  with  a  convex-faced  steel  tool,  leaving  the  copper  exposed 
only  at  the  crests  formed  by  the  crossing  strands.  The  ratio  between 
the  exposed  copper  and  lead  surfaces  as  estimated  by  examining  under 
the  microscope  was  7  to  93.  While  the  measured  P.D.'s  against  the  brass 
plate  were  —.20  volt  and  -I--37  volt  for  the  gauze  and  lead  respectively, 
that  for  the  combined  surface  was  -|-  .34  volt,  as  compared  with  -|-  .33  volt, 
the  theoretical  value. 

It  is  unnecessary  to  produce  further  evidence  that  the  Volta  effect 
observed  for  a  composite  surface  may  be  determined  by  considering  the 
independent  effects  of  the  constituent  parts  of  this  surface. 

D.  The  "Screening"  of  the  Volta  Effect  with  Wire  Gauzes. 

The  question  as  to  what  extent  a  metal  plate  will  contribute  to  the 
effect  through  a  perforated  sheet  placed  upon  it  was  suggested  by  the 
foregoing  experiments.  A  qualitative  study  of  this  point  was  made  by 
placing  gauzes  of  different  meshes  upon  the  brass  and  aluminum  plates. 
The  latter  having  shown  P.D.'s  of  +.004  volt  and  -I-.754  volt  respec- 
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lively  against  the  movable  brass  plate,  would,  to  the  extent  that  they 
were  effective  through  the  gauze,  produce  a  difference  in  the  observed 
P.D.  when  a  given  sheet  of  gauze  was  placed  upon  each  in  turn.  The 
pieces  of  gauze  were  cut  slightly  larger  than  the  plates  upon  which  they 
were  placed  to  preclude  the  possibility  of  the  edge  effects  of  the  latter, 
and  were  smoothed  out  so  as  to  conform  as  nearly  as  possible  to  a  plane. 
The  distance  between  the  plates  was  kept  at  2.5  mm.  so  long  as  this 
distance  was  two  times,  or  more,  that  between  the  upper  surface  of  the 
gauze  and  that  of  the  plate  beneath,  being  increased  however  when  the 
coarser  gauzes  were  used  so  as  to  make  this  ratio  about  3  to  I.  Proceed- 
ing in  this  manner  the  following  results  were  obtained,  as  the  means  of 
three  observations  in  each  case. 


KUdof  Qaut«. 
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16 
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.55 
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-.202' 
-.259 

-.208 
-.249 
-.168 
+.033 

-.203 
-.260 
-.210 

-.256 

Brass 

Not  until  there  are  12  strands  to  the  inch  is  there  an  effect  through 
the  gauze  which  is  decisive.  The.  differences  up  to  that  point  are  no 
greater  than  the  probable  errors  of  observation.  Indeed  the  observed 
effect  is  practically  that  which  we  would  have  with  the  gauzes  alone  until 
the  size  of  the  holes  is  equal  to  or  greater  than  their  depth.  For  the  finer 
gauzes  the  average  depth  of  the  holes  was  about  2^  times,  perhaps  more 
for  the  finest  one,  the  diameter  of  the  strands,  because  the  gauze  could 
not  be  made  to  lie  perfectly  smoothly  upon  the  plates.  As  the  ratio 
between  the  size  and  depth  of  the  holes  grows,  the  plate  beneath  becomes 
increasingly  effective  through  them. 

Perhaps  the  only  way  to  study  this  point  in  a  really  quantitative 
fashion  would  be  to  have  two  metals  made  up  in  the  form  of  square  rods 
and  arranged  on  the  order  of  a  thermopile,  each  set  rigidly  connected 
tc^ether  and  movable  along  their  axes.  A  plane  surface  consisting  of  the 
two  metals  could  be  formed  of  the  ends  of  the  rods  by  proper  adjustment. 
Then  by  moving  one  set  of  rods  one  way  or  the  other,  holes  of  varying 
depth  could  be  obtained  with  either  metal  in  the  foreground.  In  order  to 
have  holes  of  different  sizes,  would  of  course  require  rods  of  corresponding 
dimensions.  An  experiment  of  this  kind  will  be  necessary  to  determine 
whether,  upon  taking  proper  account  of  the  relative  extent  and  distances 
of  the  surfaces  of  the  two  metals  (including  the  sides  of  the  holes)  with 
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reference  to  an  opposed  surface,  the  simple  considerations  outlined  above 
for  composite  surfaces  will  lead  to  results  which  are  related  in  some  exact 
way  to  those  observed. 

Summary. 

The  Volta  effect  depends,  under  all  circumstances,  on  the  nature  of  the 
opposing  surfaces  of  conductors  which  have  been  brought  near,  or  in 
contact  with,  each  other.  Indeed  it  depends  only  on  the  surfaces  exposed 
to,  and  within  range  of,  each  other.  All,  and  only,  such  surfaces,  or 
portions  of  surfaces,  of  conductors  contribute  to  the  general  effect.  The 
results  of  experiments  purporting  to  prove  otherwise  are  spurious.  Hence 
Sanford's  chief  argument  against  an  electrolytic  theory  of  the  Volta  effect 
fails  because  of  a  misapprehension  in  the  premises. 

The  surfaces  of  conductors  which  have  been  dischai^ed  to  earth  act 
just  as  though  they  were  definitely  and  characteristically  charged.  In  the 
case  of  a  homt^neous  surface,  this  postulated  electrification  is  uniformly 
distributed,  while  for  a  surface  of  dissimilar  parts,  its  nature  and  intensity 
vary  from  part  to  part.  The  surfaces  being  the  seat  of  such  electrical 
manifestations  exhibit,  as  a  consequence,  a  definite  P.D.,  the  so-called 
E.M.F.  of  contact,  between  each  other.  It  is  only  in  terms  of  these 
potential  differences  that  the  phenomenon  lends  itself  to  quantitative 
treatment. 

The  effect  observed  with  composite  surfaces  has  been  shown  to  be  the 
aoerage  effect  of  the  constituent  parts,  each  of  which  contributes  tn 
exact  proportion  to  its  extent,  its  relative  proximity,  and  its  own  P.D. 
with  reference  to  the  opposing  surface. 

The  effect  is  practically  completely  "screened "  when  the  lateral  dimen- 
sions of  the  openings  in  the  screen  are  not  greater  than  their  depth.  An 
increase  in  the  ratio  from  unity  upward  between  the  width  and  depth  of 
the  holes  results  in  an  increasing  effect  through  the  openings. 

Taken  as  a  whole,  the  results  show  that  the  phenomenon  has  its 
seat  in  the  surface.  The  fundamental  question,  then,  reduces  to  one  in 
regard  to  the  actual  conditions  on  the  surface  of  a  conductor.  Is  there 
an  insulated  electric  layer  brought  into  existence  by  chemical  or  other 
means,  or  are  the  manifestations  due  to  intrinsic  properties  of  the  con- 
ductor which  make  themselves  felt  at  its  boundaries?  This  question  is 
still  an  open  one  so  far  as  the  present  investigation  goes. 

The  facilities  for  this  study  were  afforded  at  the  Ryerson  Physical 
Laboratory.  The  writer  takes  this  opportunity  to  thank  Professor 
Millikan,  whose  unfailing  interest  in  the  work  has  been  a  source  of 
inspiration. 

Tbb  UtiiviKsnT  c«  CmcAco, 
March,  1913. 
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THE    TRANSMISSION    OF    CANAL    RAYS    THROUGH    THIN 
PARTITIONS. 

By  Alfkbd  N.  GoLDSutia. 

I.  Introduction. 

THE  canal  rays  were  discovered  by  Goldstein  in  l886,  and  through 
the  researches  of  W.  Wien  in  1898,  and  later  of  Sir  J.  J.  Thomson, 
their  identity  with  the  positive  ions  was  definitely  established.  They 
have  been  frequently  employed  since  as  a  source  of  positive  ions  for 
investigation  of  the  properties  of  positive  electricity. 

The  mode  of  production  of  the  canal  rays  involves  the  use  of  a  per- 
forated cathode  in  a  tube  containing  a  gas  at  low  pressure  through  which 
an  electric  discharge  is  passing.  Back  of  the  perforation  in  the  cathode 
will  be  found  a  column  of  rapidly  moving  positive  ions,  their  presence 
being  detectable  by  the  fluorescent,  photographic,  and  electrostatic 
effects  which  they  can  produce,  J.  Stark'  discovered  the  Doppler  effect 
which  is  displayed  by  the  canal  rays  behind  the  cathode,  as  evidenced 
by  the  shift  of  the  lines  of  the  spectrum  when  viewed  respectively  in 
directions  perpendicular  and  parallel  to  the  direction  of  motion  of  the 
ions.  His  experiments  showed  that  the  velocity  of  the  [lositive  ions 
was  the  same  as  the  velocity  of  the  ions  when  measured  by  means  of  the 
"magnetic  and  electric  spectra."  The  magnetic  and  electric  spectra 
are  obtained  when  the  ions  pass  through  strong  electric  and  magnetic 
fields.  From  the  observation  of  the  resulting  deflections  of  the  beam  of 
canal  rays  it  is  possible  to  evaluate  e/m  and  r. 

In  1907  Thomson*  showed,  by  examination  of  the  magnetic  spectrum 
obtained  in  gases  which  had  been  as  carefully  as  possible  freed  from 
all  traces  of  hydrogen  that  the  value  of  e/m  for  some  of  the  positive  ions 
was  (10)*,  5(10)'  and  2.5(10)*.  The  two  former  values  correspond  to 
the  hydrogen  atom  and  molecule,  and  the  latter  to  the  helium  atom. 
At  lower  pressures  in  all  gases,  positively  chained  atoms  of  hydrogen 
were  found  to  be  present  in  spite  of  the  attempts  at  purification  of  the  gas. 
W.  Wien  then  called  attention  to  his  earlier  hypotheses  that  the  positive 
ions  lose  their  positive  charge,  that  is,  are  neutralized  at  some  point  of 
their  path  and  then  may  be  again  positively  electrified  by  the  loss  of 
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negative  electrons,  and  also  that  ions  of  larger  mass  than  those  usually 
fouod  exist  in  the  dischat^.  His  conclusion,'  that  the  hydrogen  found 
in  the  discharge  tube  was  present  only  as  an  impurity  was  disputed  by 
J.  J.  Thomson,'  who  found  that  even  when  the  amount  of  hydrc^en  was 
greatly  changed,  its  presence  did  not  become  more  prominent.  He  sug- 
gested lateH  that,  reasoning  from  the  constancy  of  the  velocity  of  the 
canal  and  retrograde  rays,  they  owe  their  velocity  either  to  an  explouon 
in  the  atom  or  their  chai^  is  different  at  different  points  of  their  path. 
Possibly  both  causes  are  operative.  Wien's  hypothesis  of  the  existence 
of  neutralized  [>ositive  ions  in  the  canal  rays  was  shown  to  be  well-founded 
by  experiments  undertaken  by  Thomson  in  1908.* 

W.  Wien  found,'  reasoning  from  the  experimentally  determined  mag> 
netic  deflections  of  the  positive  lona  in  the  canal  rays,  that  the  greatest 
velocity  they  attained  was  that  which  would  be  given  to  a  positively 
charged  atom  of  the  gas  which  owed  its  velocity  to  the  potential  gradient 
actually  existing  in  the  tube. 

As  early  as  1903,  J.  Stark*  had  suggested  that  neutral  doublets  or  even 
negatively  charged  canal  rays  might  be  produced,  and  that  these,  moving 
'  with  high  velocities,  would  cause  effects  similar  to  those  produced  by  the 
positive  ions. 

O.  Reichenheim*  showed  that  in  the  canal  rays  in  oxygen  there  are 
three  kinds  of  ions  prominently  present,  namely  the  hydrogen  atom,  the 
hydrogen  molecule,  and  the  oxygen  atom.  In  general  the  spot  of  light 
in  the  magnetic  spectrum  corresponding  to  the  hydrogen  atom  is  the 
most  evident.  Similarly,  the  presence  of  the  hydrogen  atom  in  the  cases 
where  the  tube  was  filled  with  argon  or  nitrogen  was  observed,  though  in 
these  cases  it  was  not  easy  to  find  the  charged  atoms  of  the  gas  filling 
the  tube. 

A  research  of  Thomson'  established  the  existence  of  three  kinds 
of  canal  rays.  Firstly,  rays  which  are  not  deflected  by  electric  or  mag- 
netic forces.  Secondly,  "secondary  rays"  which  are  produced  by  the 
collision  of  rays  of  the  first  kind  with  the  molecules  of  the  gas.  Thirdly, 
rays  which  appear  at  low  pressures,  have  velocities  proportional  to  the 
difference  of  potential  between  the  electrodes,  and  for  which  e/m  is 
inversely  proportional  to  the  atomic  weight  of  the  gas  in  the  tube.     The 

■  Phil.  Mag..  14.  p-  313.  i9°7. 
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secondary  rays  always  have  a  velocity  of  2{io)'  cm.  per  second  and  a 
value  of  elm  of  lo*.  That  their  velocity  is  independent  of  the  potential 
difference  between  the  electrodes  suggests  that  they  may  be  produced  by 
the  dissociation  of  the  molecules  of  the  gas  by  a  sort  of  tri^er  action, 
and  their  energy  comes  from  the  store  of  molecular  energy  originally 
present. 

Certain  properties  of  the  a  rays  from  radium  are  of  interest  and  will 
be  briefly  considered.  Bragg  and  Kleeman'  first  discussed  the  diminu- 
tion  of  velocity  of  the  a  particles  which  was  sufficient  to  cause  them  to  lose 
their  ionizing  power.  They  found  that  the  critical  velocity  was  about 
l-5(io)*  cm.  per  second,  which  is  60  per  cent,  of  the  inirial  velocity  of 
the  homogeneous  rays  from  Radium  C,  It  is  quite  possible  that  un- 
charged particles  not  electrically  detectable  can  continue  passing  through 
matter  even  at  the  end  of  their  so-called  range,  for  it  is  a  very  improbable 
assumption  that  the  velocity  suddenly  falls  from  the  critical  value  to  zero. 

The  most  important  work  as  to  the  actual  nature  of  the  a  rays  was 
done  by  Rutherford  and  Royds.*  By  passing  the  a  particles  through  the 
walls  of  a  thin  glass  chamber  (o.oi  mm.  thick)  into  a  space  exhausted 
to  a  high  vacuum  and  compressing  the  trapped  gas  in  a  tube  where  ita  " 
spectrum  could  be  examined,  they  succeeded  in  definitely  proving  that 
the  a  particle  after  losing  its  positive  charge  was  helium.  The  spectrum 
of  the  helium  gradually  developed  in  the  spectrum  tube,  in  some  cases 
taking  as  long  as  six  days  to  become  completely  visible.  Check  experi- 
ments were  performed  to  test  for  possible  diffusion  or  leakage  of  the  gas 
through  the  thin  glass  containing  tube.  The  method  of  isolation  of  a 
rays  by  transmission  through  thin  partitions,  so  successfully  employed 
by  Rutherford  in  this  instance,  was  used  in  the  present  resesirch  into 
the  nature  of  the  canal  rays. 

II.    Object  of  the  Research. 

The  following  experiments  are  an  attempt  to  pass  the  canal  rays 

through  a  thin  diaphragm  into  a  highly  vacuous  separate  chamber  where 

the  spectrum  of  the  accumulated  gas,  if  any,  can  be  examined  free  from 

disturbances  of  the  electric  discharge  which  produced  the  canal  rays. 

III.  Description  of  the  Apparatus. 

The  discharge  tube  used  in  the  experiments  is  shown  in  Fig.  I,     The 

anode  is  A;  and  B,  a  ring  of  aluminum  with  a  large  hole  in  its  center  is 

the  cathode.    The  potentials  used  were  at  times  so  high  that  it  was  diffi- 
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cult  to  secure  high  insulation  because  of  surface  leak^e  over  the  glass. 
Therefore  the  terminal  wires  were  run  from  the  platinum  leading^in 
wires  at  S  and  P  to  the  points  T  and  Q  through  glass  tubes  which  were 
sealed  in  place  and  of  which  the  ends  were  filled  with  sealing  wax.  Con- 
nection to  the  pumps  was  secured  by  a  aide  tube  at  F.  To  prevent  the 
canal  rays  striking  the  edge  of  the  disc  U  (where  the  sealing  cement  was 
occasionally  present)  a  guard  ring  was  placed  at  £>. 


•^3!^ 


Fig.  1. 

It  was  desirable  at  times  to  remove  the  plug  C  and  the  diaphragm 
carried  therein  without  rebuilding  the  portion  of  the  apparatus  surround- 
ing it,  and  this  became  possible  by  placing  a  ground  joint  at  M,  The 
thin  partitition  used  in  the  experiments  was  carried  on  the  front  face  of 
the  steel  plug  C,  this  face  being  perforated  with  circular  holes  i  mm.  in 
diameter.  The  thin  diaphragm,  through  which  the  canal  rays  passed, 
was  sealed  with  cement  on  the  front  face  of  C.  The  cement  was  very 
carefully  placed  so  that  none  of  it  was  in  the  path  of  the  moving  ions. 
Over  the  diaphragm  was  fastened  the  plate  U,  which  had  in  it  holes 
coinciding  in  size  and  position  with  those  in  V.  The  plate  U  was 
screwed  to  K  at  the  edges  after  cement  had  been  placed  on  the  back  of  U 
to  fasten  it  gas-tight  to  the  diaphragm.  As  before,  the  cement  was 
carefully  kept  out  of  the  path  of  the  ions.  The  steel  plug  fits  into  place 
at  N.  In  order  to  connect  that  portion  of  the  apparatus  which  is  back 
of  the  diaphragm  to  the  vacuum  pumps  and  outlet  with  a  stop-cock  was 
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placed  at  K.  Connection  with  a  mercury  reservoir  was'secured  through 
the  tube  H,  lis  &  mercury  sealed  stop-cock  to  the  small  discharge  tube 
E,  which  is  of  fairly  tine  capillary  tubing.  Connected  to  £  ts  G^,  a  piece 
of  the  finest  capillary  tubing. 

It  will  be  seen  that  the  vacuum  apparatus  is  really  two  chambers, 
AB  and  CD,  which  are  divided  by  the  air-tight  imrtition  at  U.  This 
partition  was  thin  enough  to  permit  the  penetration  and  passage  of  the 
positive  rays.  These  particles  at  high  velocities  were  thus  passed  from 
the  chamber  AB  to  the  chamber  CD,  where  they  accumulated  and  were 
examined. 

Experiments  were  tried  in  air,  carbon  dioxid,  hydrogen,  argon,  and 
helium.  The  argon  was  prepared  by  sparking  air  in  the  presence  of  an 
excess  of  oxygen,  which  excess  of  oxygen  was  afterward  removed  by 
yellow  phosphorus.  Helium  was  produced  with  the  same  apparatus 
except  that  instead  of  starting  with  air,  the  gas  obtained  by  heating 
monazite  sand  was  used.  Since  this  gas  is  a  mixture  of  air  and  helium, 
it  was  not  difficult  to  secure  rapidly  the  necessary  amount  of  helium. 

Gaede  and  Geryk  pumps  permitted  reaching  and  holding  a  vacuum  of 
less  than  o-oooi  mm.  in  the  apparatus.  The  outlets  F  and  K  were  so 
arranged  that  either  portion  of  the  main  apparatus  or  both  could  be 
exhausted  at  will.  For  producing  the  discharge  in  AB,  the  best  source- 
of  potential  was  found  to  be  a  large  static  machine,  which  was  not  of 
doubtful  or  changing  polarity  as  would  be  the  case  with  an  induction  coil. 
The  voltage  employed  was  determined  by  the  use  of  an  auxiliary  spark 
gap.  The  discharges  in  the  tube  E  and  in  the  comparison  spectrum 
tubes  were  produced  by  means  of  a  small  induction  coil. 

IV.    CONSTRtJCTION  AND   MANIPULATION. 

Much  difficulty  was  at  first  experienced  in  the  construction  of  a  thin, 
and  yet  gas-tight  diaphragm  at  U.  To  begin  with,  aluminium  foil  was 
used.  It  was  found  that  the  best  imported  foil  was  about  0.003  m'"-  i" 
thickness  and  was  not  at  all  free  from  holes.  Indeed  it  was  impossible 
to  find  an  area  of  more  than  3  or  4  square  mm.  which  did  not  have  a  hole 
in  it.  The  thinnest  aluminium  foil  which  could  be  obtained  in  New  York 
City  Was  6.020  mm.  thick,  and  quite  useless  because  of  the  immense 
number  of  holes  in  it. 

But  by  using  the  best  white  Indian  mica  and  carefully  splitting  it  up 
with  a  wedge-pointed  laparotomy  needle,  it  was  possible  to  obtain  sheets 
of  mica  of  the  required  dimensions  between  0.003  and  0.006  mm.  thick, 
and  free  from  all  visible  imperfections.  These  sheets  of  mica  were  sealed 
in  place  with  De  Khotinsky  cement  which  was  sprinkled  carefully  over 
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the  sealing  metal  surfaces  in  the  form  of  powder  and  then  melted  into  a 
smooth  film,  thus  insuring  gas-tight  contact.  Both  the  front  and  rear 
surfaces,  U  and  V,  were  thus  treated  and  firmly  screwed  together  while 
hot  with  the  diaphragm  between  them. 

Careful  tests  repeated  many  times  established  the  fact  that  when  the 
pressure  on  one  side  of  the  diaphragm  was  o.oooi  mm,,  the  pressure  on 
the  other  side  might  be  2,000  times  as  much  without  any  perceptible 
leakage  occurring  in  intervals  of  an  hour  or  more. 

In  operation,  the  tube  AB  was  exhausted  to  a  pressure  of  a  few  hun- 
dredths of  a  mm.  or  !ess  and  the  portion  CKD  to  below  o.oooi  mm.  The 
dischai^e  in  AB  from  the  static  machine  was  then  started.  In  order 
to  eliminate  so  far  as  possible  the  foreign  gases  occluded  in  the  elec- 
trodes or  glass  of  the  main  tube,  the  dischai^e  was  run  in  one  direction 
for  some  hours  and  then  in  the  reversed  direction  for  some  hours  with  the 
pumps  working  all  the  time.  The  capillary  discharge  tube  E  received 
^milar  treatment.  At  the  same  time  the  air-tightness  of  the  diaphragm 
was  tested. 

A  pink  fluorescence  at  certain  spots  of  the  tube,  accompanied  by  con- 
^derable  heating,  was  at  times  observed.  This  phenomenon  was  first 
described  by  J.  E.  Lilienfeld*  and  explained  by  Gehrcke  and  Reichen- 
heim,*  who  showed  that  it  was  due  to  cathode  rays  coming  from  secondary 
cathodes  on  the  walls  of  the  tube. 

The  potential  in  the  main  tube  was  adjusted  by  altering  the  pressure 
therein.  On  running  a  dischai^e  through  E,  the  spectrum  of  the  gas 
which  had  accumulated  in  CKD  could  be  examined.  In  order  to  get  a 
bright  spectrum  with  only  small  quantities  of  gas  present,  all  the  gas  in 
D  was  compressed  to  several  thousand  times  its  original  pressure  by 
running  mercury  from  H  through  /  and  DtoJ  and  then  shutting  the  cock 
J.    A  brilliant  dischai^e  was  then  obtained  in  E. 

For  a  time  the  mercury  lines  showed  uniformly  in  the  apparatus,  and 
it  was  thought  necessary  to  freeze  out  the  mercury  with  liquid  air.  C 
was  added  for  this  purpose.  It  proved,  however,  that  the  improved 
construction  which  was  then  adopted  with  a  stop-cock  at  the  top  of 
the  compression  reservoir  prevented  the  mercury  from  volatilizing,  be- 
cause the  cock  could  be  kept  shut  during  the  discharge.  The  capillary 
electrodes  were  never  permitted  to  come  into  contact  with  the  liquid 
mercury  which  clings  to  them  tenaciously. 

A  preliminary  test  then  showed  that  after  putting  fresh  air  into  the 
apparatus,  running  the  main  tube  for  15  minutes  with  the  capillary 


1  DeuUch.  Phys.  GeaeU.  Verb..  8.  33.  p.  631.  15(06. 
■  Deutach.  Phys.  Goetl.  Verh.,  fi,  ai,  p.  593.  1901. 
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portion  isolated,  and  compressing  the  gas  from  the  space  D  into  E, 
only  a  weak  air  spectrum  could  be  detected  in  the  capillary  tube  E  when 
a  discharge  was  p£issed  through  it. 

That  the  spectrum  of  the  gas  which  reaches  CKD  may  be  expected  to 
be  visible  is  shown  by  the  following  roughly  approximate  calculation. 
Let  it  be  assumed  that  the  current  through  the  main  discharge  tube  is  /, 
and  that  the  fraction  l/R  of  the  current  carrying  positive  ions  of  the 
kind  finally  identified  in  the  capillary  compression  chamber  pass  through 
the  diaphragm.  These  may  not  be  charged  atoms  of  the  gas  with  which 
the  main  tube  has  been  filled,  but  may  be  previously  occluded  hydrogen 
atoms  which  have  been  shot  through  the  diaphragm,  and  in  this  case 
the  fraction  i/R  may  become  quite  small.  On  the  other  hand,  if  the 
charged  atoms  of  the  gas  with  which  the  tube  is  filled  can  pass  through 
the  diaphragm,  l/R  will  be  much  larger.  Assume  also  that  a  spiectrum 
can  be  observed  in  the  capillary  tube  when  the  pressure  is  i/F  atmo- 
spheres. 

Let  that  portion  of  the  gas  in  CKD  which  is  trapped  in  the  compresaon 
chamber  be  i/n  of  the  whole,  and  let  the  volume  of  that  chamber  be  V  c.c. 
When  the  gas  contained  therein  is  compressed  into  the  capillary,  let 
the  compression  ratio  be  c  :  i.     The  charge  on  an  ion  is  e. 

The  current  through  the  diaphragm  is  I/2R.  Thus  I/2Re  ions  pass 
through  the  diaphragm  per  second.  The  number  of  these  which  reach 
each  c,c.  of  the  compression  bulb  after  t  seconds  is  /  1/2  RenV.  When 
these  are  compressed  into  the  capillary,  there  will  be  present  in  each  c.c. 
Itc/2  RenV  ions  which  have  become  neutralized  by  the  addition  of  nega- 
tive electrons,  that  is,  molecules. 

If  under  normal  conditions  of  temperature,  there  are  N  molecules  per  c.c. 
in  a  gas  at  atmospheric  pressure,  the  observation  of  a  visible  spectrum 
requires  that 

Itc  N  ,   ,       , 

— „■-,-,  =  ■;; .        and  therefore 
2  RenV       F 


t  =  ' 


Pic 


The  following  are  estimated  and  approximate  values  of  the  quantities 
present  in  the  formula:  N  =  2.7(10)'*,  R  —  (lo)*  when  the  tube  is  filled 
with  gases  other  than  those  finally  detected  back  of  the  diaphragm,  or 
R  =  (10)*  when  the  tube  is  filled  with  a  gas  which  is  later  found  back  of 
the  diaphragm,  e  -  4.9  (io)-»  E.  S.  U.,  /  =  1.5  (io)«  E.  S.  U.,  «  =  3, 
P  =  2.5  (io)»,  c  =  5  (ro)*,  V  =  100. 
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Depending  on  the  value  of  R  which  applies,  (  —  4,000  or  4  seconds. 
The  values  observed  were  one-half  and  ten  times  these  calculated  quan- 
tities respectively,  so  that  this  extremely  rough  approximation  is  con- 
sistent with  the  results  obtained. 

V.  Experiments  iff  Various  Gases. 

The  actual  course  of  the  experiments  was  as  follows.  After  taking  the 
precautions  outlined  above  to  ensure  the  absence  of  any  further  large 
evolution  of  gas  from  the  electrodes  or  of  leakage  through  the  diaphragm, 
the  tube  was  run  steadily  at  nearly  constant  voltage.  The  gas  in  the 
capillary  tube  was  then  spectroscopically  examined  after  compression, 
and  showed  only  a  weak  air  spectrum  due  to  unremoved  air. 

With  the  main  tube  containing  air,  and  a  voltage  across  it  of  35,000, 
after  60  minutes  running  only  the  air  spectrum  of  less  than  its  original 
brightness  showed  in  the  capillary.  After  90  minutes,  however,  a  weak 
hydrogen  spectrum  showed  which  steadily  became  more  brilliant  till  a 
very  clear  and  complete  hydrogen  spectrum  showed  after  150  minutes. 
This  spectrum  was  compared  line  for  line  with  various  standard  spectrum 
tubes  which  could  be  compared  with  each  other,  and  the  identification 
of  the  hydrogen  spectrum  was  complete.  On  reducing  the  voltage  across 
the  main  tube  to  25,000  by  increasing  the  pressure,  120  minutes  were 
required  to  show  a  weak  hydrogen  spectrum;  and  when  the  voltage  was 
reduced  to  8,000  with  the  corresponding  rise  in  pressure,  no  hydrt^en 
spectrum  could  be  seen  even  after  300  minutes. 

Carbon  dioxid,  carefully  freed  from  water  vapor,  was  then  substituted 
for  air  in  the  apparatus.  With  a  voltage  of  28,000  the  hydrogen  spectrum 
showed  after  30  minutes,  and  as  before  the  spectrum  became  stronger 
with  time.  When  the  voltage  was  reduced  to  22,000,  60  minutes  were 
required  for  a  visible  spectrum.  And  with  a  voltage  of  6,000  only  an 
extremely  doubtful  trace  of  a  hydrogen  spectrum  was  observed  after 
360  minutes. 

When  argon  was  placed  in  the  apparatus,  it  was  hard  to  get  a  brilliant 
discharge  through  the  main  tube  at  the  lower  pressures,  and  the  fluores- 
cence was  comparatively  dim.  With  a  voltage  of  40,000  after  120 
minutes  a  faint  hydrogen  spectrum  was  found,  which  spectrum  became 
more  brilliant  and  complete  after  continued  running.  When  the  voltage 
was  34tOOO,  180  minutes  were  needed  for  the  development  of  a  faint 
hydrogen  spectrum.  A  prolonged  test,  wherein  the  tube  was  run  at 
8,000  volts  for  over  400  minutes  showed  no  hydrt^en  spectrum. 

To  remove  all  traces  of  ai^on,  which,  as  several  investigators  found, 
clings  tenaciously  to  the  electrodes,  the  tube  was  washed  out  repeatedly 
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with  air,  the  electrodes  being  approximately  freed  from  occluded  gas  by 
constant  powerful  discharges  through  the  main  tube  and  the  capillary 
portion. 

Helium  was  then  introduced.  As  before,  the  hydrogen  spectrum  was 
visible  after  60  minutes  running  when  the  discharge  voltage  was  25,000 
and  120  minutes  sufficed  when  the  voltage  was  20,000.  At  8,000  volts 
it  was  believed  that  the  hydrogen  lines  could  be  very  faintly  seen  after 
300  minutes  running,  but  since  these  lines  remained  extremely  dim  even 
after  continued  running,  this  observation  was  regarded  as  of  little  weight. 

There  was  one  important  respect  in  which  helium  differed  from  the 
other  gases  examined,  namely,  that  while  the  hydrogen  spectrum  de- 
veloped in  time  in  the  capillary,  the  helium  spectrum  did  the  same. 
Attention  was  first  directed  to  this  [>oint  by  the  brightness  of  the  helium 
lines  which  appeared  in  the  discharge  capillary  with  the  hydrogen  lines 
after  continued  running.  It  was  found  that  both  hydrogen  and  heliurn 
passed  through  the  diaphragm. 

From  the  nature  of  the  first  experiments,  since  the  apparatus  was  in 
£my  case  filled  with  helium,  it  was  doubted  whether  this  observation 
was  due  to  actual  passage  of  the  helium  through  the  diaphragm.  To 
test  this  point  further,  the  main  tube  was  filled  with  helium  at  appro- 
priate pressure,  and  the  portion  CKD  was  washed  out  with  air  and  then 
pumped  to  a  low  pressure.  Thus  there  was  no  helium  spectrum  obtained 
from  the  capillary  discharge  tube  at  the  beginning  of  the  experiment. 
Experiment  then  showed  that  helium  did  accumulate  in  the  capillary 
at  what  was  estimated  as  more  than  fifty  times  the  rate  of  accumulation 
of  hydrogen.  The  helium  passed  through  the  diaphragm  at  20,000  volts 
and  probably  also  at  considerably  lower  voltages. 

This  result  is  quite  explicable,  for  J.  J.  Thomson  found  that  in  helium, 
the  canal  rays  were  made  up  of  hydrogen  atoms,  hydrogen  molecules, 
and  helium  atoms.  The  large  pre[>onderance  of  the  helium  atoms  in  the 
discharge  tube  and  their  consequent  carriage  of  the  greater  part  of  the 
current  account  for  the  rapid  rate  at  which  the  helium  passed  through 
the  diaphragm. 

The  main  tube  was  then  filled  with  hydrogen,  and  the  capillary  portion 
with  air,  the  tube  and  electrodes  being  first  thoroughly  cleaned  as  in  the 
case  of  argon.  Experiment  showed  that  even  with  so  low  a  voltage  as 
10,000  and  300  seconds  for  the  discharge  period,  the  hydrc^en  spectrum 
was  visible  in  the  capillary.  At  higher  volts^s,  the  time  was  more  than 
proportionally  diminished.  The  mean  of  a  number  of  observations  on 
the  various  gases  is  shown  graphically  in  Fig,  2. 

A  number  of  tests  were  made  to  determine  the  effect  of  a  mixture  of 
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hydrogen  and  air  in  the  main  tube.  Mixtures  of  hydrogen  and  air  in 
known  pro[>ortions  were  therefore  placed  in  the  main  tube,  and  air  alone 
in  the  capillary  portion.  The  influence  of  the  hydrogen  present  in  the 
main  tube  on  the  time  of  appearance  of  the  hydrogen  spectrum  was 
very  marked.  Whereas  pure  air  in  the  main  tube  yielded  at  25,000 
volts  a  hydrogen  spectrum  in  the  capillary  in  7,200  seconds,  o.*  per 

t 


Fig.  2. 

cent,  of  hydrogen  mixed  with  the  air  reduced  this  time  to  900  seconds, 
i.o  per  cent,  of  hydrogen  to  200  seconds,  10  per  cent,  of  hydrogen  to 
100  seconds,  and  50  per  cent,  or  more  of  hydrogen  reduced  the  time  of 
appearance  of  the  hydrogen  spectrum  to  practically  the  same  value  as 
for  pure  hydrogen,  namely,  60  seconds.  Similarly,  at  the  lower  voltage 
of  10,000  pure  air  showed  no  hydrogen  spectrum  in  the  capillary  after 
18,000  seconds,  and  o.l  percent,  of  hydrogen  nothing  after  9,000  seconds, 
yet  1.0  per  cent,  of  hydrc^en  showed  the  hydrogen  spectrum  after  600 
seconds,  and  greater  percentages  of  hydrc^en  acted  practically  the  same 
as  pure  hydrogen. 

A  graphical  representation  of  the  effect  on  the  time  of  appearance  of 
the  hydrogen  spectrum  caused  by  admixture  of  various  proportions  of 
hydrogen  with  the  air  in  the  main  tube  is  given  in  Fig.  3. 

Finally  a  test,  wherein  air  containing  1  per  cent,  of  helium  was  used 
in  the  main  tube,  gave  a  result  quite  simitar  to  that  described  above 
for  hydrogen.  That  is,  the  helium  spectrum  appeared  in  360  seconds  as 
against  90  seconds  for  the  case  where  the  discharge  tube  was  filled  with 
pure  helium.  However,  air  to  which  about  3  per  cent,  of  argon  was 
added  showed  no  trace  of  argon  in  the  capillary  tube  even  after  12,000 
seconds,  so  that  clearly  the  argon  atoms  do  not  pass  through  the  dia- 
phragm as  do  the  hydrogen  and  helium  atoms. 
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To  ascertain  whether  the  retrt^rade  and  cathode  rays  would  show 
similar  effects,  the  polarity  of  the  electrodes  on  the  main  tube  was 
reversed  in  several  tests.  No  hydrogen  or  helium  spectrum  was  detected 
at  any  time  under  these  circumstances.  This  experiment  afforded  an 
additional  proof  that  the  hydrogen  found  in  the  capillary  was  actually 
due  to  the  canal  rays. 

In  the  above  experiments  attention  was  fixed  on  the  red  hydrogen 
line  (O  because  of  the  ease  with  which  it  can  be  identified.  Its  position 
was  found  from  a  standard  comparison  spectrum  tube  at  the  time  of 
observation  and  also  from  the  previously  calibrated  scale  of  the  spectrom- 
eter. Since  the  time  of  appearance  of  this  line  depended  on  visual 
acuity  and  sensitiveness,  that  is,  on  physiological  factors,  not  any  great 
accuracy  can  be  attached  to  the  numerical  estimates  of  the  time  of  first 
appearance  of  the  spectrum.  Experience  and  the  maintenance  of  nearly 
constant  conditions  reduced  the  errors,  it  is  believed,  to  a  small  value. 


FiB.  3. 

In  every  case  (except  for  the  lowest  voltage  used  with  each  gas)  the 
discharge  in  the  main  tube  was  continued  until  the  entire  spectrum  was 
so  clear  and  unmistakable  as  to  check  perfectly  with  the  comparison 
spectrum  even  with  casual  visitors  observing.  Traces  of  lines  not  check- 
ing with  the  comparison  spectra  were  carefully  searched  for,  but  no 
unidentified  lines  were  found. 

VI.  Electric  and  Magnetic  Deflections. 

An  attempt  was  made  to  further  identify  the  moving  particles  which 

passed  through  the  diaphragm  by  obtaining  their  electric  and  magnetic 

spectra  by  the  method  of  Thomson  and  Wien.     In  this  case,  all  the  holes 

but  one  in  the  front  plate  U  were  blocked,  and  a  fine  bore  tube  was 
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placed  back  of  this  hole.  The  apparatus  was  so  arranged  that  the  beam 
of  canal  rays  was  to  pass  through  a  nu^netic  field  of  known  strength  and 
between  aluminium  plates  maintained  at  a  known  difference  of  potential. 
They  were  then  to  strike  a  fine  grained  screen  of  willemite,  where  their 
point  of  impact  was  to  be  marked  by  a  bright  spot. 

The  following  calculation,  however,  made  it  questionable  whether  the 
particles  which  passed  through  the  diaphragm  would  have  a  high  enough 
velocity  to  produce  detectable  fluorescent  effects.  Consider  the  hydrogen 
atoms  which  pass  through  the  diaphragm.  Imagine  that  these  ions 
owe  their  entire  velocity  to  the  potential  gradient  actually  existing  in 
the  main  tube  through  which  they  have  passed.  Let  m  be  the  mass  of  an 
ion,  V  its  velocity,  V  the  difference  of  potential  of  the  main  tube  electrodes, 
and  e  the  charge  of  the  ion.      Then 

J^mt*  =  Ve. 

But  for  hydrogen  V  is  approximately  30,000  volts,  c/m  ■=  io*E.M.U.  ~  3 
(10)"  E.S.U.,  and  therefore  v  -  2.5  (10)*  cm.  per  second.  Similarly  the 
value  for  the  helium  atom  is  p  —  1.7  (10)*  cm.  per  second.  It  must  be 
remembered  that  these  are  the  velocities  of  the  ions  at  the  instant  that 
they  strike  the  diaphragm;  their  velocity  after  passing  through  the 
diaphragm  ts  undoubtedly  much  lower.  The  a  particle,  which  is  a 
charged  helium  atom,  has  not  been  actually  observed  to  produce  ioniza- 
tion (as  detected  through  fluorescence)  at  lower  velocities  than  6  (10)* 
cm.  per  second,  27  per  cent,  of  the  maximum  velocity.  But  it  is  quite 
possible  and  even  highly  probable  that  it  can  penetrate  matter  at  lower 
velocities.  So  that,  though  the  atoms  of  hydrogen  and  helium  pass 
through  the  diaphragm,  their  passage  was  not  regarded  as  proof  that 
they  might  be  expected  to  show  a  bright  spot  on  the  willemite  screen. 

Another  possible  factor  in  the  production  of  fluorescence  must  also  be 
<x>nsidered,  namely  that  the  fluorescence  may  be  dependent  on  the  charge 
carried  by  the  ion  as  well  as  on  its  velocity.  Thus,  though  the  velocity 
of  the  atoms  which  pass  through  the  diaphragm  might  be  above  the  value 
determined  by  J.  Stark*  to  be  necessary  for  a  positive  ion  to  produce 
fluorescence,  yet  the  neutralization  of  the  charge  of  the  ion  on  its  passage 
through  the  diaphragm  might  prevent  the  subsequent  appearance  of 
fluorescence. 

A  considerable  number  of  experiments  with  air,  hydrc^en,  and  helium 
showed  that  no  bright  spot  could  be  obtained.  The  pressure  and  voltage 
in  the  tube  were  varied  through  the  widest  attainable  limits,  and  powerful 

■  Ann.  d.  Phyalk.  31,  3,  p.  439,  1906. 
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oscillatory  discharges  were  sent  through  the  main  tube  as  well  as  the 
unidirectional  discharges.  The  space  back  of  the  diaphragm  was  pumped 
to  the  lowest  vacua  so  that  the  passage  of  the  rays  would  not  be  impeded, 
the  eye  of  the  observer  was  specially  rested  to  secure  maximum  visual 
sensitiveness,  and  the  hole  through  which  the  ions  passed  had  its  dimen- 
sions altered  several  times.  Finally  the  original  diaphragm  was  replaced 
by  one  of  less  than  o.ooi  mm.  in  thickness.  In  no  case  could  any  definite 
bright  spot  be  detected. 

VII.  Conclusions. 

1.  Canal  rays  made  up  of  ions  of  hydrogen  or  helium  can  be  given 
sufhcient  velocity  to  cause  them  to  pass  through  thin  material  partition. 

2.  When  the  discharge  tube  is  filled  with  air,  carbon  dioxid,  or  argon 
the  only  rays  that  pass  through  a  thin  partition  are  hydrogen. 

3.  When  helium  is  used,  both  helium  and  hydr(^en  atoms  pass  through 
the  partition,  the  helium  in  great  abundance. 

4.  When  hydrogen  is  used,  only  hydrogen  atoms  pass  through  the 
partition,  and  these  in  large  quantities. 

5.  The  atoms  which  pass  through  such  a  partition  are  not  capable  of 
causing  fluorescence  on  screens. 

In  conclusion,  I  desire  to  express  my  thanks  for  the  assistance  rendered 
by  Professor  Bergen  Davis,  at  whose  suggestion  this  research  was 
undertaken. 

Phibhix  Physical  Laboiutoribs, 

COLi;UBIA  Univkksity, 
August,  igii. 
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THE  MAGNETO-OPTCIAL  PARAMETERS  OF  IRON  AND 
NICKEL. 

Bv  Chbstkk  Show. 

T~\URING  the  last  decade  a  large  amount  of  experimental  work  has 
*—^  been  done  upon  the  Faraday  and  Kerr  effects  of  the  magnetic 
metals,  lai^ly  in  the  visible  spectrum,  where  the  range  is  so  limited 
that  the  observations  give  us  very  little  clew  as  to  the  trend  and  cause 
of  the  phenomena.  Most  of  these  researches  have  been  carried  on 
without  reference  to  any  theory  (which  indeed  has  been  lacking).  The 
theory  of  Voigt'  is  perhaps  the  most  complete  recent  attempt  towards 
a  unified  view  of  magneto-optical  phenomena.  It  is  a  lirst  approximation 
on  the  basis  of  the  modem  electron  theory,  and  as  such  it  makes  all 
types  of  Kerr  and  Faraday  effects  depend  uniquely  upon  the  value  of  a 
certain  complex  parameter  of  the  metal,  Q. 

This  constant,  which  arises  from  the  vibrations  of  free  and  bound 
electrons,  is  proportional  to  the  inner  field  or  magnetization  and  is  so 
small  that  its  square  is  neglected.     It  is  defined  as' 

45     "■^-n 

where  n  is  the  Complex  index  of  refraction  in  the  unmagnetized  state, 
and  the  summation  extends  to  the  different  types  of  electrons  present. 
Its  dispersion  may  thus  be  determined  theoretically  when  the  ordinary 
dispersion  of  these  metals  shall  have  been  worked  out  and  their  resonance 
periods  located.  Without  waiting  for  this  development  one  can  compute 
the  dispersion  of  Q,  as  in  the  present  paper,  from  one  class  of  facts  and 
use  it  to  compare  the  theory  with  a  different  class  of  observations. 

Even  though  we  should  not  wish  to  attribute  to  it  the  exact  meaning 
it  has  on  Voigt's  theory,  the  importance  of  this  parameter  can  scarcely 
be  overestimated;  for  not  only  does  it  enable  us  to  explain  the  variation 
of  polar  and  meridional  Kerr  effects  with  the  angle  of  incidence,  but,  as 
we  shall'show,  the  recent  experiments  of  IngersoU'  on  equatorial  rotations 
might  have  been  predicted  from  a  knowledge  of  it.  We  shall  also  compute 
from  these  experiments  in  the  infra-red  spectrum,  and  from  those  of 

<  W.  Voigt,  Magneto-  und  Ekktrooptlk,  1908,  p.  193. 

■L.  R.  IngcreoU.  Pavs.  Rbv.,  35.  p.  313  (1911). 
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Foote'  on  polar  magnetic  rotation  and  elliptidty  in  the  visible  spectrum, 
the  values  of  this  constant  for  nickel  and  iron  from  wave-length  .4^  to 
2.1  fx  and  use  it  to  compare  the  consequences  of  the  theory  with  the 
results  of  a  number  of  other  experimenters  on  the  Kerr  and  Faraday 
phenomena  of  these  metals. 

I.  Equatorial  Kerr  Effect. 

The  peculiar  curves  given  by  Ingersoll  showing  the  dependence  of 
the  equatorial  rotation  on  the  angle  of  incidence  were  compared  by 
him  with  the  theoretical  predictions  of  C.  H.  Wind.*  The  agreement  in 
the  case  of  iron  was  remarkable,  although  for  cobalt  and  nickel  it  seemed 
to  be  merely  qualitative.  We  shall  see  that  the  agreement  in  the  case  of 
Voigt's  theory  is  all  that  could  be  desired  for  all  three  of  these  metals. 

Let  a  plane  wave  fall  upon  a  tangentially  magnetized  mirror  at  an 
angle  of  incidence  ^,  the  plane  of  incidence  being  perpendicular  to  the 
magnetization.  Let  the  electric  vectors  in  and  normal  to  the  plane  of 
incidence  be  the  real  parts  of  EfC*"  and  E^'  respectively.  Let  the 
corresponding  components  of  the  reflected  ray  be  J?p  h  Fe"*'*''*  and 
R,  a  Ce~^**''  respectively.  When  the  incident  light  is  linearly  polarized 
Ep  and  E,  are  real  and  EJEp  —  tan  X,  where  X  is  the  azimuth  of  the 
electric  vector.  Voigt  in  considering  this  case  makes  certain  approxima- 
tions which  render  his  final  formula  inapplicable  to  lat^  angles  of 
incidence.  We  shall  get  the  correct  expression  for  all  incidences  by 
starting  from  his  equation*  for  the  ratio  of  the  reflected  amplitudes, 
which  is 

R^       G  „,_^j  _  _E,  cos  0  -  n«'        "^     ««y-r        p 
Rp        F  "       £cos0-|-na'*  /i.:- -.■ 


where  n  -  n(i  —  ik)  =  nVi  +  i^e"'**  -  sin  *  tan  *«"'*•  and  *  =  tan  20, 
Hn4tan4  —  nVi  +  i?,  n  and  k  being  the  ordinary  refractive  index 
and  absorption  index,  and 


■>l--=^- 


Treating  Q  as  a  first  order  small  quantity  this  may  be  written 

^■-e-*"-/'  -       £.    cos ^  -  na'  g'  -H  n cos »  /  «Qsin20    \ 

J?p       F  £p    cos*  +  na'  a' -  ncos0   \        «'*-n*co^^ 

'  P.  D.  Poote,  Phvs.  Riv.,  34,  p.  96  (191a). 

I C.  H.  Wind.  Arch.  Neer..  11..  i.  p.  119  (tSgS). 

*  Loc.  dt.,  p.  330. 
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In  IngersoU's  experiment  the  azimuth  of  the  polarizer  is  adjusted  to  a 
value  Xo  such  that  the  magnitudes  of  the  reflected  components  F  and  G 
are  equal,  as  indicated  by  the  bolometer.  Their  phase  difference  is 
immaterial.  The  magnedc  field  is  then  created  and  the  small  rotation 
iX  of  the  polarizer,  which  is  necessary  to  restore  the  equality  to  the 
reflected  comfwnents  is  measured.  Using  subscripts  « to  denote  ordinary 
values  (with  zero  magnetization,  f.  e.,  Q  ^  o)  and  putting  F  —  G  in  each 
case  we  have  if  !  ■  g  —  / 

-a      4.  V  cOBtf,  -  aa'  a'  +  n  cos  »  /  JQ  sJn  2«     \ 

e  "  cot  X  — — r- — -,  ■  —, — ,  1 1  —  —i I 

cos  ^  +  na'  a'  —  n  cos  *  \        «'  —  n*  COS*  V 

and 

_vi.         ,-  COS  6  —  na'  a'  +  n  cos  A 

e~^  cot  Xt T~, 1 "  "; :  • 

cos  ^  +  na     a  —  n  cos  ^ 

Dividing  the  upper  by  the  lower  equation  we  get 

.-«<»-w  tanX,  jQ  sin  34>         ,  iQ  sin  24> 


For  brevity  let  us  put  6  -  »'(i  +  *•)  and  G  -  I  Q  I  «"*'.    Then 

I  Q  [  sin  2»<-^'+-''> 

sin*  *<**•      ,       ,  ,  _(« 
r b  cos*  ^^*" 


!Q[sin2.^e-'"-^"*-^" 


IT       cos4e(&'cos**+i)"l*  .    ,  .  „rfr*co8**-il* 

\[' J J  +"»■''»[ — j — J 

where 

i>»co8*«  -  I 

tan  9  -  —  tan  46  n r— -^ — ——- (2) 

*    6*  cos* «+  I  -  6  sec  49  ^ 

fr*  being  written  for  fr*  +  l  since  in  nearly  all  cases  considered  6*  >  100, 
If  we  write  for  brevity 

y  -  -^ft»  cosV  -  2[(&  -  2  cos  46)  cos  4O  +  i)  co^  *  +  I  -  ^-"?"-  ,    (3) 
then 

tan^t  _  (     _  I Q I  sin  2»  sin  (fl  +  g)  1      -<[  »,-i+  i<i'"**™('-H>j 
tanX  "1  y  ]    '  -  ' 
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from  which,  equating  argument  and  modulus,  we  get 

(5) 


y 

Xt  is  given  by' 

_     2«  sin  ^  tan  ^ 

COS2Xo-^.^,^^^,^_j_j.  (7J 

The  magnetic  phase  change  is  given  by  (5),  the  double  magnetic 
rotation  of  Ingersoll's  experiments  by  (6).  The  latter  is  plotted  in  Fig. 
I  as  a  function  of  the  angle  of  incidence  for  iron,  nickel,  and  cobalt 


Fig.  1. 

at  the  wave-length  of  sodium  light,  and  is  in  striking  agreement  with  the 
observations  for  all  three  metals.  The  constants  |  Q  \  and  g  were  chosen 
so  as  to  fit  two  points  on  a  curve. 

'  p.  Drade,  Lehrbnch  der  Optik.  p.  33.  ^-,  . 
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II.  Computation  of  Paraueters. 
As  Ingersoll  gives  a  curve  for  each  of  several  wave-lengths  in  the  visible 
and  infra-red  spectrum,  the  values  of  1  Q  |  and  q  have  been  computed  for 
these  wave-lengths  from  his  curves  by  means  of  equations  {2),  (3),  and 
(6).  The  constants  for  the  remainder  of  the  visible  spectrum  have  been 
computed  from  Foote's  measurements  of  the  rotation  J?  and  eUipticity 
E  of  light  reflected  normally  from  massive  mirrors  magnetized  per- 
pendicularly to  their  surfaces.    The  formulae  are' 

j^_  _  \Q\smi2Q-q) 
sin  $  tan  4       ' 

(9) 


sin  4  tan  4 


Rotations  and  ellipticities  are  considered  positive  when  they  correspond 
to  directions  parallel  to  the  magnetizing  current. 

The  value  of  q  is  characteristic  of  the  metal  and  independent  of  the 
magnetization  while  j  Q  |  on  the  other  hand  is  proportional  to  it.  The 
values  of  q  from  the  two  sets  of  data,  where  they  overlap  in  the  visible 
spectrum,  are  in  good  agreement,  j  Q  \  was  found  to  be  15  per  cent, 
higher  in  the  case  of  Iron  (steel)  and  20  per  cent,  higher  in  the  case  of 
nickel,  when  computed  from  Foote's  measurements  and  this  was  taken 
as  a  measure  of  the  relative  magnetizations  in  the  two  cases.  The  latter 
values  of  I  Q  I  were  all  accordingly  reduced  by  a  constant  factor  to  bring 
equality  at  .59  ii.  The  computations  require  a  knowledge  of  n  and  k  at 
each  wave-length,  and  these  were  taken  from  a  paper  by  Ingersoll.*  The 
computed  values  of  these  parameters  for  nickel  and  iron  are  given  in  the 
following  table. 

The  tabulated  values  are  plotted  in  Fig.  3.  As  we  should  expect  there 
is  more  uniformity  in  the  values  for  q  than  for  [  Q  [  since  the  former  is 
independent  of  magnetization.  The  assumption  that  Q  is  real,  as  in  the 
earlier  theories,  is  seen  to  be  not  even  approximately  correct,  except  in 
the  case  of  iron  near  the  wave-length  of  sodium  light. 

The  agreement  of  the  two  sets  of  data  in  the  yellow  and  red  end  of 
the  visible  spectrum  where  they  overlap,  means  that  from  one  set  of 
observations  the  other  could  have  been  predicted.  As  a  striking  example, 
the  reversal  of  sign  of  the  ellipticity  of  the  normally  reflected  light  from 
nickel,  which  was  found  by  Foote  and  also  by  Dzwulski,*  to  take  place 
with   polar  magnetization  between   the   wave-lengths  .57  fi  and   .6  ix, 

'Voigt.  locdup-3i<i. 

>  L.  R.  lagawoa,  AMmphyt.  Jour.,  31,  p.  16s  (1910). 

•W.  I>iwuUld,  Pbyt.  Z«it..  13.  p.  641  <i9")-  ^-.  , 
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Table  I. 


lroD( 

Btael). 

Nickel. 

W.VB. 

■•DSth. 

. 

'".S."' 

. 

JOO. 

.42m 

+15.0° 

.019 

-    9.0° 

.006 

Poote  (polar  effects) 

.50 

+10.0° 

.025 

-  20.0° 

.007 

Foote  (polar  effects) 

.59 

+  2.4" 

.032 

-  27.5° 

.0081 

Foote  (polar  effects) 

.59 

+  2.5'' 

.032 

-  28.0° 

.0081 

Ingersoll  (equatorial  effects) 

.65 

-  4.5° 

-  33.0° 

Foote  (polar  effects) 

.73 

-15.0° 

.041 

.74 

-  52.7° 

.0120 

Ingersoll  (equatorial  effects) 

.91 

-27.0'' 

.056 

1.21 

-40.7" 

.055 

Ingersoll  (equatorial  effects) 

1.24 

-109.0° 

.0167 

Ingersoll  (equatorial  effects) 

1.65 

-56,5- 

.061 

Ingersoll  (equatorial  effects) 

2.10 

-72.0° 

.060 

Ingersoll  (equatorial  effects) 

2.12 

-175.0° 

.0320 

Ingersoll  (equatorial  effects) 

Fig.  2. 

should  be  given  by  the  vanishing  of  the  factor  cos  (29  —  q)  of  equation 
(9).  Since  29  has  a  practically  constant  value,  63.3°  in  this  part  of  the 
spectrum,  the  reversal  in  sign  should  occur  when  63.3*  —  2  —  t/2  or 
2  =  —  26.7*.  Reference  to  the  table  (IngersoII's  data)  shows  g  —  —  28° 
at  X  =  .59 II  and  it  is  rapidly  changing  with  wave-length.     The  predicted 


_,00' 
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value  of  the  wave-length  of  reversal  falls  between  the  observed  values  (or 
two  different  specimens. 

III.    COMPAKISON  OF  THE  THEORY  WITH  EXPERIMENTS  ON  FaRADAY  AND 

Polar  Kerr  Effects. 

Voigt  does  not  work  out  the  general  expression  for  the  rotation  R' 

and  the  elliptictty  E'  of  the  light  transmitted  through  a  thickness  «  in 

the  direction  of  the  lines  of  force.    The  index  of  refraction  of  the  positive 

and  negative  circularly  polarized  waves  in  this  case  is  given  by' 

nj  -  «*(i  =p  Q) 

or  since  

n  -  «(i  -  **)  -  «/i  +  **«-**• 
nj{l  +*.*)«-•**  -«'(l+Jfe*}|i=F|0|co3S±Jll2|  single-** 
or 

nJii  +kj)  =«»(i+A»)(i=F|l2|coes}«-*'«-*-'"«"^'> 

from  which,  equating  modulus  and  argument  we  get 

n.*(l  +  *J)  -  n'ii  +  **)(!  =F  IQI  cos?). 

But 

,±JJU ^  tan  20 

From  this  we  find 

«-  —  «+=  \Q\  nVi  +  k'l  — =  cos g -sing I 

=  I  0 1  sin  *  tan  *  cos  (20  +  g) 
and 

n-k-  -  «+*+  -  1  Q  I  sin  *  tan  *  sin  (20  +  q). 

If  a  plane  polarized  wave  is  incident  normally  upon  the  medium,  then 
after  travelling  in  the  direction  of  the  lines  of  force  a  thickness  I  centi- 
meters of  the  metal  it  will  emerge  as  a  slightly  elliptically  polarized  wave 
in  which  the  major  axis  of  the  ellipse  makes  an  angle  R'  with  the  incident 
vibration,  where 

J!'  "  Y  f"-  ~  *■+)  "  *  I      Bin  *  tan  *  COB  (20  -H  g).  (10) 
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The  ratio  of  the  axes  of  the  ellipse  (or  the  elliptJcity)  is 


-  «^*+)  = 


sin^tan4>sin  (26  +  q),      (11) 


where  as  before  the  positive  direction  of  rotation  is  that  of  the  magnetizing 
current. 

The  proportionality  of  R,  R',  E,  and  E'  to  the  magnetization,  that  is, 
to  I  ^l.asindicated  by  the  equations  (8),  {10),  (9),  and  (11)  respectively, 
has  been  shown  experimentally  by  DuBois,*  Kundt,*  Foote,*  and  Skinner 
and  Tool,*  respectively.  The  values  of  these  four  quantities  for  iron 
(steel)  and  nickel  calculated  for  the  wave-length  of  sodium  light  are 
shown  in  Tables  II.  and  III.  together  with  observed  values  for  com- 

Table  II. 


IroHiSiti 

/). 

\  -  .59*1. 

Polar  Kirr 

J'"'''y 

MwD«l- 

E-Xit*. 

MtlOD. 

-20.5' 

.0044 

219,000° 

6 

1,500 

Computed  from  equatorial 
measuremeiits 

-23' 

1,700 

Observed  by  Du  BoU 

-23'  to  24' 

-.0050 

1,520 

Observed  by  Foote 

200,000° 

saturated 

Observed  by  Lobach' (electro- 
lytic iron) 

275,000° 

4 

saturated 

Observed  by  Skinner  and  Tool 
(electrolytic  iron) 

Nickel. 


PolM 

Karr  BU 
llpl.  B. 


BIHpt.pcr 


Manat 


Computed  from  equatorial  measure- 


X>      Observed  by  Foote 
saturated  Observed  by  Lobach 
Obaerved  by  Harris 


1  H.  DuBois,  Wied.  Ano..  39.  p.  'S  (1890). 
>  A.  Kundt,  Wied.  Ann.,  p.  199  (1886). 

*  P.  D.  Foote.  Phys.  Rsv..  34,  p.  96  (i9")- 

•  C.  A.  Skinner  and  A.  Q.  Tool,  PhU.  Mag.,  16,  p.  S33  (1908). 
» W.  Lobach.  Wied.  Ann..  39.  p-  347  (1890). 
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The  equation  (11)  together  with  the  tabulated  values  of  the  constants 
shows  that  the  ratio  of  the  ellipticity  to  be  expected  when  light  is  trans* 
mitted  through  nickel  to  that  produced  by  an  iron  film  of  equal  density  is 

I  ~  I       — -o  ,  or  1/6,  for  sodium  light.     Since  the  latter  is  so  small  as 

to  be  observed  with  difficulty  this  probably  explains  why  Harris*  failed 
to  detect  the  magnetic  ellipticity  produced  by  nickel  films  in  the  trans- 
mitted light. 

The  agreement  between  observation  and  theory  is  better  for  the 
reflection  phenomena  than  for  those  of  transmission,  probably  on  account 
of  the  difficulty  in  measuring  the  thickness  of  the  film. 

To  test  the  theory  for  all  wave-lengths  from  4  m  to  2.1  fx  the  curves  of 
Fig.  3  for  J?,  the  polar  Kerr  rotation,  have  been  plotted.    The  computed 


Fig.  3. 

values  (with  the  use  of  equation  (8))  are  for  magnetizations  of  1,500,  and 
500,  of  the  iron  and  nickel,  respectively,  for  which  the  above  tables  of 
j  Q  j  were  computed.  They  compare  favorably  with  the  results  obtained 
by  Ingersoll*  in  1906,  which  have  been  doubled  to  reduce  them  to  the 


>  W.  D.  Ham*.  Pars.  Rbv..  14,  p.  337  (1901). 
>L,  R.  Ingenoll.  PhlL  Mag.,  tl.  p.  41  (1906). 
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same  magnetizatioiL  The  reversal  of  the  rotation  produced  by  nickel 
in  the  neighborhood  of  wave-length  1.4  fi  is  seen  to  be  in  agreement  with 
the  theoretical  curve  which  crosses  the  axis  at  wave-lei^th  1.3  it,  the 
discrepancy  being  no  larger  than  that  between  different  specimens. 
This  explmns  a  point  which  has  been  a  matter  of  some  interest.' 

The  dbpersion  of  the  Faraday  rotation  has  also  been  computed  for 
the  same  spectral  range  and  plotted  in  Fig.  4.  The  infra-red  observa- 
tions' are  for  an  unoxidized  iron  cathode  film  58  nn  thick,  and  the  whole 
of  the  iron  curve  has  been  plotted  for  a  film  of  this  thickness  and  a 
magnetization  of  1,500.  The  observed  values  have  been  multiplied  by 
2.5  which  we  must  assume  as  the  ratio  of  the  magnetizations.  This  is 
not  surprising  on  account  of  the  great  demagnetizii^  factor  of  thin  films, 
and  the  comparatively  low  field  used  in  these  experiments — in  this  case 
5,700  C.G.S.  units.  In  the  visible  spectrum  the  observations  of  Skinner 
and  Tool  are  also  plotted  after  being  reduced  to  the  theoretical  curve  for 
wave-length  .5  ft.  The  theoretical  curve  for  nickel  is  also  drawn :  the 
only  available  experimental  data  for  comparison  are  in  the  visible 
spectrum  where  the  measurements  of  Lobach  are  reduced  to  the  same 
scale  at  .5  /t  and  plotted.  The  Faraday  rotation  of  nickel  should  change 
sign  at  wave-length  1.85  m  and  the  ellipticity,  though  extremely  small, 
should  reverse  near  wave-length  .82  fx. 

Summary. 

1 .  An  expression  for  the  equatorial  magnetic  rotation  has  been  obtained 
as  a  consequence  of  Voigt's  theory,  which  is  in  good  accord  with  the 
recent  experiments  of  IngersoU.  The  magneto-optical  constants  of  iron 
and  nickel  have  been  computed  from  these  experiments  and  from  those  of 
Foote. 

2.  FormuUe  for  the  magnetic  rotation  and  ellipticity  for  the  trans- 
mitted  light  have  been  obtained  and  th6  amounts  of  the  Kerr  and  Faraday 
rotation  and  ellipticity  computed  for  yellow  light.  These  are  in  dose 
agreement  with  accepted  values. 

3.  The  relative  dispersion  of  these  two  rotations  has  been  computed 
for  a  sf>ectral  range  from  .4/1  to  2.1  n  and  is  in  fair  agreement  with  all 
the  experimental  results  which  have  thus  far  been  obtained  for  nickel 
and  iron. 

Physical  LABORATOftv, 

University  of  Wisconsin. 
May.  1913. 
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ON  THE  BEADED  CHARACTER  OF  THE  CATHODE  RAY  LINE 

AS  REVEALED  BY  INSTANTANEOUS  PHOTOGRAPHS 

TAKEN  AT  SHORT  RANGE. 

By  Csas.  T.  Knipp. 

THE  magnetic  spectrum,  so  called,  of  cathode  rays  has  been  investi- 
gated by  Birkeland,  Strutt,  and  Thomson,'  and  is  generally  con- 
ceded to  be  due  to  the  want  of  uniformity  necessarily  associated  with  the 
use  of  an  induction  coil.  It  was  early  shown  that  similar  effects  may  be 
obtained  by  using  an  electrostatic  instead  of  a  magnetic  field. 

Recently,  while  photographing  at  short  range  the  carriers,  atomic  in 
me,  of  both  positive  and  negative  electricity  that  accompany  the  cathode 
beam,  I  was  impressed  with  the  beaded  character  of  the  cathode  ray  line. 
The  distinctness  and  regularity  of  the  beads  suggested  that  their  origin 
might  possibly  be  other  than  a  want  of  uniformity  that  accompanies  the 
induction  coil  or  static  machine  discharge,  or  other  than  the  presence  of 
secondary  rays. 

Apparatus  and  Manipulation. 

The  apparatus  employed  was  that  described  in  a  recent  number  of  the 
Physical  Review.*  The  modifications  necessary  were  slight.  The 
Wehnelt  cathode  was  removed  and  in  its  stead  an  ordinary  aluminum 
cathode  was  suitably  mounted.  The  beam  of  cathode  rays  emei^ent 
from  the  canal  passed  between  the  nearly  coterminous  magnetic  poles 
and  electrostatic  field  plates  and  fell  upon  the  photographic  plate  beyond. 
This  range  was  about  2  centimeters.  Seed's  lantern  slide  plates  were 
used.  Mounting  and  exposing  a  plate  to  the  action  of  the  rays  was 
briefly  as  follows:  The  circular  plate,  fastened  to  the  movable  brass 
disc*  at  three  j>oints  by  means  of  half  and  half  wax,  was  placed  in  the 
cylindrical  plateholder,  which  in  turn  slipped  into  position  in  the  appa- 
ratus. After  connecting  the  winch  for  turning  the  plate  the  glass 
containing  vessel  was  sealed  and  the  pump  started.  When  the  desired 
degree  of  exhaustion  was  reached,  either  with  or  without  the  aid  of 
charcoal  and  liquid  air,  the  electrostatic  field  was  turned  on  and  the 
discharge  started.  To  get  instantaneous  photographs  it  was  only  neces- 
sary to  rotate  the  plate  while  the  discharge  was  passing. 

1  J.  J.  Thonuon,  Conduction  of  Electricity  throush  GaMi.  3d  ed..  p.  633. 

•  C.  T.  Knipp.  Phys.  Rkv.,  XXXIV.,  Marcb,  19". 

*  See  Fig.  I  of  aitide  referred  to  above. 
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Thus  under  varying  conditions  of  deflecting  fields  (either  magnetic, 
electrostatic,  or  both),  aperture,  vacuum  and  source  of  dischai^e,  to- 
gether with  varying  conditions  of  re^stance,  self-induction,  and  capacity 
in  the  circuit,  photographs  of  great  diversity  were  posable.  The  short 
range  that  the  carriers  traveled  enabled  impressions  to  be  received  and 
recorded  on  the  plate  that  at  greater  distances  would  doubtless  be  lost 
because  of  absorption. 

General  Considerations. 

The  electrostatic  displacement  of  the  cathode  ray  particle  as  recorded 
by  the  photographic  plate  is  given  by  the  equation 

while  the  magnetic  displacement  is 

y  =  — -  (2) 

where  A  and  B  are  constants  depending  upon  the  strength  of  the  two 
fields  respectively  and  upon  the  geometrical  data  of  the  discharge  vessel. 
From  these  it  follows  that  for  a  given  range  of  velocities  the  greatest 
dispersion  is  to  be  had  when  an  electrostatic  field  is  employed.  If  there 
are  present  carriers  having  a  wide  range  of  velocities,  falling  off  gradually 
from  a  maximum,  then  the  time  exposures  when  either  field  is  employed 
should  ap[>ear  on  the  plate  as  a  straight  line  shading  oS.  gradually  in 
intensity  as  you  recede  from  the  geometrical  or  undeflected  spot.  The 
character  of  the  instantaneous  photographs  will  depend  upon  whether 
the  discharge  is  intermittent  or  not.  In  the  former  case,  the  case  of  an 
induction  coil  discharge,  the  instantaneous  exposures  will  be  similar  in 
shape  and  shading  to  the  rime  exposures,  only  much  less  intense.  If, 
however,  the  discharge  is  continuous,  such  as  may  be  had  from  a  high 
potential  storage  battery,  the  instantaneous  exposures  should  reveal 
a  continuous  uniformly  drawn  out  band  similar  in  shading  to  the  rime 
exposure  only  much  less  intense.  Uniformity  in  the  direction  of  rotation 
of  the  continuous  band  may  be  expected  only  when  the  plate  is  rotated 
with  uniform  velocity. 

It  would  seem,  then,  that  under  the  conditions  just  stated  this  arrange- 
ment of  app>aratus  should  reveal  radiations  that  might  have  their  origin 
in  the  discharge  and  possess  enei^  enough  to  affect  a  phott^^raphic 
plate,  as  for  instance  (i)  the  presence  of  carriers  due  to  ionization  or 
secondary  effects,  (2)  the  possible  emission  of  group  velocity  electrons 
from  the  surface  of  the  cathode,  or  (3)  group  velocity  electrons  that  may 
have  their  rise  in  the  oscillatory  character  of  the  electric  discharge. 


ogk 


^^]  CBARACTER  OF  CATHODE   RAY   UNE.  4! 

In  the  first  case,  that  of  ionization,  it  is  reasonable  to  expect  that  the 
photographs  should  show  configurations  that  are  fixed  for  both  the  time 
and  the  instantaneous  exposures,  but  that  would  not  necessarily  be  the 
same  for  a  succeeding  plate,  and  in  general  would  not  follow  a  definite 
law  or  sequence.  In  other  words,  the  instantaneous  photographs  of  the 
cathode  ray  line,  produced  by  say  an  induction  coil  discharge,  might  show 
beads  due  to  ionization  and  secondary  effects,  but  it  is  not  likely  that  the 
spacing  of  these  beads  along  the  line  would  follow  any  definite  sequence 
though  the  spacings  from  instantaneous  photograph  to  instantaneous 
photograph  for  a  given  plate  more  than  likely  would  be  the  same. 

In  the  second  case  if  the  cathode  gave  off  group  velocity  electrons  the 
effect  on  the  plate  should  be  marked — both  for  time  and  instantaneous 
ex[>osures.  Again,  it  does  not  seem  clear  that  any  definite  spacing  of 
the  beads  should  be  expected  though  the  spacing,  whatever  it  might 
have,  would  be  characteristic  of  the  metal.  That  the  cathode  gives  off 
simultaneously  group  velocity  electrons  is  by  no  means  assured,  though 
a  careful  study  of  the  photographs  lends  that  view  some  support. 

Hnally  in  the  case  of  group  velocity  electrons  that  have  their  rise, 
when  the  discharge  is  intermittent,  to  the  oscillatory  character  of  the 
discharge  we  can  foretell  quite  accurately  what  the  effect  on  the  photo- 
graphic plate  should  be  for  both  time  and  instantaneous  exposures. 
Take  the  case  of  the  discharge  passing  between  the  knobs  of  a  static 
machine  when  the  leyden  jars  that  accompany  the  machine  are  included. 
The  discharge  obviously  is  oscillatory  though  damped  rapidly.  Let  its 
general  character  be  represented  by  Fig.  1,  in  which  the  ordinates  repre- 


sent successive  values  of  the  quantity  of  electricity  discharged  and  the 
abscissas  the  periodic  time  T.    This  period  is  given  by  the  relation 

which,  as  R  diminishes,  approaches  the  value 

T  -  2WLC. 
In  words,  the  curve  approaches  a  simple  sine  wave  with  no  damping. 
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If  such  an  electrical  pendulum  could  maintain  itself  in  the  case  of  our 
discharge  vessel,  the  kinetic  ener^  would  remain  constant  and  there 
would  in  consequence  result  but  one  group  of  group  velocity  electrons. 
This  group  vould  have  the  same  velocity  as  the  electrons  in  the  case  of  a 
continuous  dischai^e  corresponding  to  the  same  discharge  potential 
difference.  If  however  R  has  a  considerable  value,  as  is  the  case  that 
obtains  in  the  ordinary  operation  of  a  discharge  tube  by  a  static  machine 
or  induction  coil,  the  oscillations  are  damped  as  shown  in  Fig.  i.  The 
successive  quantities  discharged  through  the  tube  fall  off  rapidly,  and 
hence  the  enei^  also  falls  off  rapidly.  This  results,  since  both  e  and  m 
remain  constant,  in  a  number  of  groups  of  electrons  (one  group  corre- 
sponding to  each  crest)  having  successively  smaller  and  smaller  velocities. 
Take  for  example  the  case  when  the  successive  ordinates,  bpth  positive 
and  negative,  are  proportional  to  3.0,  1.5,  l.o,  0.5,  0.32,  0.2,  0.12  centi- 
meters. If,  as  was  suggested,  the  velocities  of  the  resulting  electrons 
in  the  cathode  beam  are  proportional  to  these  ordinates  we  should  get 
by  equation  i,  for  the  electrostatic  displacement,  distances  proportional 
to  o.ii,  l.o,  10,  25,  70.  And  similarly  by  equation  2,  for  the  nu^netic 
displacement,  distances  proportional  to  0.33,  i.o,  3.3,  8.3.  These  dis- 
placements drawn  to  the  same  scale  are  set  down  in  Fig.  2.    Hence  the 


Fig.  2. 

number  of  beads  appearing  on  a  given  photographic  plate,  other  condi- 
tions remaining  constant,  is,  roughly,  inversely  as  the  damping  of  th6 
oscillatory  discharge  which  gives  rise  to  them. 

The  degree  of  exhaustion  would  also  have  an  important  bearing  on  the 
appearance  of  the  beads.  For  a  given  set  of  conditions,  such  as  in  the 
example  above,  we  should  expect  that  the  higher  the  vacuum  the  greater 
the  velocity  of  the  group  electrons  and  hence  the  less  the  displacement. 
However,  if  the  vacuum  is  too  high  the  oscillations  after  the  first  one  may 
not  be  able  to  get  through  the  discharge  vessel,  and  for  very  high  vacua 
we  should  expect  but  the  one  group.  On  the  other  Kand  if  the  vacuum  is 
low  the  velocity  of  the  successive  groups  will  be  low  and  hence  the  larger 
the  displacements.  The  latter  may  be  so  large  for  group  electrons  corre- 
sponding to  oscillations  after  the  first  that  these  groups  may  be  driven  off 
the  plate  by  the  deflecting  field.  For  low  vacua  the  absorption  will  be 
considerable  and  this  may  be  sufficient  to  prevent  the  slower  moving 
groups  from  reaching  the  plate,  or,  if  they  do  reach  it,  as  may  be  the  case 
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when  the  deflecting  field  is  weak,  they  may  not  possess  enough  energy 
to  affect  the  photographic  film. 

Discussion  of  Photographs. 

As  stated  at  the  outset  the  beaded  character  of  the  cathode  ray  line 
was  observed  accidentally  while  working  on  retrograde  rays.  The  shutter 
bad  failed  to  work,  and  in  attempting  an  exposure  on  a  fresh  surface  the 
plate  was  turned  forward  while  the  discharge  was  passing.  The  plate 
when  developed  showed,  for  the  instantaneous  exposures,  a  marked 
beading.  Subsequently  the  beads  were  again  noticed,  especially  when 
one  or  the  other  of  the  deflecting  fields  was  zero.  The  beads  seemed  more 
pronounced  whjn  the  deflection  was  due  to  the  electrostatic  field  and 
hence  most  of  the  exposures  {except  a  few  at  the  beginning),  were  made 
with  H  equal  to  zero. 

Some  Afty  plates  were  exposed  with  especial  reference  to  this  beaded 
effect.  A  number  of  these  were  selected  as  representative  and  are  re- 
produced full  size  in  Plates  I.  and  II.  The  order  of  exposure  is  indicated 
on  each  photograph.  The  data  relative  to  these  photographs  are  collected 
in  Table  I.  It  may  be  well  to  state  that  if  looking  in  the  direction  of  the 
beam  of  cathode  rays,  the  plates,  in  exposing,  were  turned  counter  clock- 
wise. This  makes  the  order  on  the  reproduced  photographs  clockwise. 
The  exposures,  then,  begin  at  the  left  and  end  after  a  more  or  less  com- 
plete clockwise  revolution  near  the  beginning. 

The  photograph  reproduced  in  Fig.  3  was  the  first  to  show  beads.  The 
deflections  were  due  to  both  the  magnetic  and  electrostatic  fields  acting 
simultaneously.  In.  the  first  half  the  direction  of  the  electrostatic  field 
was  such  as  to  drive  the  cathode  line  away  from  the  center.  This  field 
was  reversed  in  the  second  half.  The  instantaneous  exposures,  in  general, 
show  three  bright  spots  or  beads.  No  record  was  kept  of  the  vacuum; 
however,  it  was  not  high. 

The  reproduction  shown  in  Fig.  4  was  one  of  the  first  plates  exposed  in 
which  the  sole  object  was  to  get  the  beaded  effect.  During  the  interval 
the  diaphragms  used  in  Fig.  3  were  replaced  by  a  brass  tube  about  18 
mm.  long  by  .12  mm.  internal  diameter.  This  tube  gave  much  sharper 
definition.  The  vacuum  was  high  and  the  minimum  dischai^e  potential 
was  equivalent  to  a  2.5  cm.  spark  in  air.  In  this  and  the  photographs 
that  follow  the  electrostatic  field  only  was  employed.  The  photograph 
shows  a  series  of  instantaneous  exposures  with  X  (the  electrostatic  field) 
equal  to  zero,  a  time  exposure  of  10  or  15  seconds,  followed  by  another 
series  of  instantaneous  exposures  with  X  =  3,000  volts  j)er  centimeter, 
and  finally  a  time  exposure  of  about  one  second.     Many  of  the  instan- 
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taneous  expoeures  show  a  second  and  several  a  third  dot  in  the  direction 
towards  the  center  of  the  plate.  It  ia  interesting  in  this  connection  to 
note  that  the  first  time  exposure  also  shows  the  retrograde  rays,  t.  e., 
carriers  atomic  in  size  and  charged  positively  and  hence  deflected,  in  this 
photograph,  away  from  the  center. 

The  conditions  for  Fig.  5  were  nearly  the  same  as  in  Kg.  4,  except  in 
the  second  half  of  the  revolution  a  capacity  o(  two  leyden  jars  was 
included  as  shown  in  b,  F^.  6.  The  connections  for  the  first  half  are 
shown  in  a  of  the  same  figure.  The  undeflected  spots  are  first  shown,  then 
the  plate  was  turned  through  an  arc  durii^  which  the  deflecting  field 
X  was  on,  after  which  X  was  reversed  for  a  time  and  then  {igain  reduced 
to  zero.    The  leyden  jars  were  now  included,  as  shown  in  Fig.  6,  b,  and 
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Fig.  6. 

the  sequence  of  exjKwures  repeated.  Unfortunately  the  reproduction 
does  not  show  all  of  the  finer  markings  of  the  negative.  A  number 
of  the  exposures  on  the  negative  show  as  many  as  four  beads. 

In  the  succeedii^  photographs  the  tube  was  replaced  by  the  objective 
containing  the  diaphragms.  The  three  photc^raphs,  Figs.  7,  8,  9,  con- 
stitute a  series  of  instantaneous  exposures  in  which  all  the  conditions 
were  kept  constant  except  the  vacuum.  In  these  an  8  inch  Leeds  coil 
was  substituted  for  the  6  inch  Kohl  coil.  The  connections  were  those  of 
a.  Fig.  6.  The  method  of  exposing  each  plate  was  to  give  the  plate  a 
quarter  turn,  then  stop  for  a  few  seconds  before  proceeding  on  round. 
The  first  photc^raph,  Hg.  7,  shows  the  beads  in  a  striking  manner.  In 
the  second.  Fig.  8,  the  vacuum  was  some  higher  and  hence  the  displace- 
ment of  the  first  group  is  less.  The  exposures  on  this  plate  show  peculiar 
markings  in  the  neighborhood  of  the  undefiected  point  which  may  he  due 
to  ionization  or  secondary  effects.  These  markings  together  with  others 
that  appear  at  the  side  of  each  instantaneous  photograph  are  distinctly 
shown  in  the  third  photograph  of  this  series.  Fig.  9.  The  effect  of  an 
increasing  vacuum  is  to  cut  off  the  subsequent  groups.  Traces  of 
retrograde  rays  are  visible  in  nearly  all  of  the  time  exposures  on  these  three 
plates. 
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In  the  next  three  photographs,  Figs.  lo,  12,  and  13,  the  induction  coil 
was  replaced  by  a  Wehrsen  static  machine.  Smaller  values  of  X  were  also 
used.  In  Fig.  10  the  connections  were  made  as  sketched  in  Fig.  11. 
As  is  readily  seen  the  discharge  takes  place  at  B  without  preparation 
whenever  a  spark  passes  at  A.  The  volume  of  the  discharge  was  con- 
siderable.   Most  every  instantaneous  exposure  on  the  negative  shows 
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beads.  In  the  photograph  reproduced  in  Fig.  12  the  inductances  and 
leyden  jars  were  removed  and  connections  were  made  direct.  The 
vacuum  was  quite  high.  The  peculiar  markings  shown  in  Figs.  8  and 
9  again  appear.  These  markings  also  appear  very  distinctly  in  the  hrst 
half  of  Fig.  13.  It  would  thus  seem  that  they  are  not  dependent  upon 
the  source  of  the  dischat^e. 

To  get  still  further  evidence  on  the  possible  cause  of  the  beads  that 
so  persistently  appear  on  the  cathode  ray  line  I  followed  a  suggestion 
made  by  Mr.  O.  H.  Smith,  graduate  student  in  physics,  and  who  assisted 
me  in  making  a  number  of  the  exposures.  If  these  beads  are  due  to  the 
oscillatory  discharge  then  possibly  additional  evidence  may  be  had  by 
phot<^Taphing  simultaneously  the  negative  crest.  This  could  be  done 
by  mounting  two  exactly  similar  canals  with  their  attending  equal 
electrostatic  helds  diametrically  opposite  in  the  apparatus,  so  that  either 
in  turn  may  serve  as  the  cathode.  The  plate  with  this  arrangement  to 
be  turned  but  a  half  revolution.  The  negative  crests  (corresponding  to 
the  troughs  in  Fig.  i)  should  appear  on  the  plate  as  instantaneous  photo- 
graphs diametrically  oppo»te  to  the  corresponding  photograph  for  the 
positive  crests.  Indeed,  this  point  may  be  tested  with  the  apparatus  as 
originally  constructed  by  giving  the  photc^^raphic  plate  a  half  turn  then 
interchange  the  connections  after  which  the  turn  is  completed.  A  plate 
thus  exposed  should  show  negative  crests,  obviously  not  simultaneously 
with  the  positive  crests,  but  negative  crests  due  to  oscillations  accom- 
[>anying  a  series  of  later  discharges,  and,  so  far  as  comparing  the  position 
of  the  negative  crest  with-  the  poutive  trough  is  concerned,  should 
answer  equally  well. 
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The  second  half  of  Fig.  13  was  taken  under  the  above  conditions.  It 
shows  that  cathode  rays  do  proceed  from  the  anode.  Their  presence  and 
portion  may  be  accounted  for  by  the  negative  crests  of  the  damped 
oscillatory  discharge.  In  this  phot<^aph  they  did  not,  however,  accom- 
pany  each  discharge,  but  only  about  every  fourth  one,  though  careful 
measurements  show  that  the  groufis  that  are  recorded  correspond  in 
general  to  the  troughs  in  the  first  half. 

In  Fig.  14  the  static  machine  was  replaced  by  the  8  inch  Leeds  induction 
coil,  the  vacuum  was  rather  low,  and  X  was  made  1,800  volts  (see  Table 
I.).  On  this  plate  the  negative  crests  appeared  in  great  numbers  due  in 
part  to  the  plate  being  turned  more  slowly  in  the  second  half.  For  the 
most  part  their  positions  correspond  to  a  trough  in  the  first  half,  as  may 
be  seen  by  the  arc  drawn  on  the  photograph.  It  seems  strange,  however, 
that  this  photograph  shows  no  negative  crests  corresponding  to  the  litst 
trough.  In  the  next.  Fig.  15,  A*  was  made  3,000,  otherwise  the  conditions 
were  the  same  as  in  the  preceding  photograph.  In  this  negative  crests 
appear  in  the  second  half  corresponding  to  two  troughs  in  the  first  half. 

In  the  last  photograph  exposed.  Fig.  16,  the  tube  was  again  inserted. 
The  vacuum  though  not  recorded  was  high.  In  turning  the  plate  it  was 
halted  twice,  possibly  for  one  or  two  seconds,  in  each  half  turn.  Again 
the  points  appearing  in  the  second  half  correspond  to  carriers  having  a 
lower  velocity  than  in  the  first  half.  In  comparison  with  Figs.  4  and  5 
it  is  evident  that  the  vacuum  was  too  high,  since  apparently  only  the  first 
positive  and  first  negative  group  electrons  were  formed. 

Conclusion. 

It  appears  from  the  photc^aphs  reproduced  in  this  pa[>er  that  in  most 
cases  the  beaded  effect  of  the  cathode  ray  line  may  be  accounted  for  by 
the  oscillatory  character  of  the  electric  discharge.  However  a  number  of 
the  photographs  show  beads  whose  spacing  along  the  cathode  line  is  not  in 
agreement  with  that  that  should  follow  for  damped  oscillations.  These 
may  be  due  to  ionization  or  secondary  effects,  or  possibly  due  to  group 
velocity  electrons  given  off  by  the  cathode.  The  position  of  the  cathode 
seems  to  have  but  little  or  no  effect  upon  the  general  character  of  the 
beads. 

The  strongest,  and  in  some  respects  the  most  convincing  evidence 
pointing  to  the  oscillatory  discharge  as  the  origin  of  the  beads  is  furnished 
by  the  photographs  showing  the  negative  crests.  These  crests  in  most 
every  instance  correspond  to  the  troughs  in  the  beaded  line  as  shown  in 
Figs.  13,  14,  15,  and  16. 
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Admitting  that  the  evidence  submitted  is  sufiident  to  show  that  an 
oscillatory  electric  discharge  under  proper  conditions  (conditions  which 
were  met  in  a  number  of  the  foregoing  photographs)  results  in  a  beaded 
cathode  ray  line,  it  seems  that  we  have  here  a  possible  explanation  of  the 
beading  of  J.  J.Thomson's  molecular  lines,'  This  conclusion,  it  seems 
to  me,  follows  naturally  because  of  the  intimate  relation  that  exists  be- 
tween the  cathode  rays  and  the  positive  rays  which  form  the  molecular 
line. 

Laboratory  of  Physics, 
UNivBRsrrv  of  Illinois, 
March,  1913. 
>  Philosophical  Ma(Bzine,  August,  igia,  p.  137. 
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AN  ELECTRIC  CONVERTER. 

Bv  Wh.  I.  Book. 

nPHIS  paper  describes  a  new  method  of  producing  electric  oscillations 
-'-      of  high  frequency  from  a  direct-current  source.    The  apparatus  is, 
therefore,  called  an  electric  converter. 

In  this  method  of  producing  electric  oscillations  the  primary  and 
secondary  oscillating  circuits  are  arranged  in  the  same  manner  as  they 
are  for  producing  electric  oscillations  with  the  Duddell  arc,  and  with  the 
Poulsen  arc.  But  the  converter  differs  much  from  all  other  method^ 
previously  used  to  produce  continuous  electric  oscillations. 

Description  of  Apparatus. 

The  converter  consists  of  a  powerful  electro-magnet  with  heavy 
tubular  pole  pieces,  a,  about  7.6  cm.  in  diameter.  (See  Fig.  i.)  The 
walls  of  these  pole  pieces  are  reamed  out,  or  tapered,  at  the  end  to  a 
thickness  of  about  0.45  cm.  Fitted  on  the  end  of  each  of  these  pole 
pieces  is  a  fiber  ring,  b,  about  10  cm.  in  outer  diameter.  To  this  fiber 
insulation  is  attached  a  copper  (cathode)  ring,  r,  about  5.6  cm.  in  inner 
diameter  (to  be  described  below).  One  of  the  tubular  pole  pieces  is  filled 
with  a  plug  of  fiber,  c.  A  brass  rod,  d,  neatly  fits  into  a  longitudinal 
hole  through  the  center  of  this  fiber  plug.  This  rod  is  thus  insulated 
from  the  pole  pieces.  There  is  fastened  to  the  end  of  this  rod  by  means 
of  a  machine  screw  a  zinc  or  carbon  (anode)  disc,  e,  about  5.4  cm.  in 
diameter.  The  faces  of  the  fiber  rings,  mentioned  above,  project  slightly 
beyond  the  ends  of  the  pole  pieces,  making  sockets  into  which  are  fitted 
discs  of  mica,  g,  over  the  ends  of  the  pole  pieces.  These  mica  discs 
mth  the  fiber  rings  insulate  both  the  anode  disc  and  the  cathode  ring 
from  the  pole  pieces. 

If  a  difference  of  potential  of  approximately  500  volts  is  impressed 
across  the  gap  between  the  anode  disc  and  the  cathode  ring,  under  the 
proper  conditions,  a  sp2U'k  or  discharge  will  take  place  across  the  gap. 
Now  if  there  is  a  current  in  the  coil  of  the  electro-magnet  there  is  a 
powerful  magnetic  field  between  the  poles  of  the  magnet;  the  lines  of 
force  of  the  magnetic  field  passing  chiefly  through  the  gap  between  the 
anode  disc  and  the  cathode  ring.  The  direction  of  the  spark,  therefore, 
is  perpendicular  to  this  magnetic  field,  and,  in  accordance  with  the  funda* 
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mental  principle  which  underlies  the  action  of  an  electric  motor,  there  is 
a  force  action  on  it  perpendicular  to  both  the  magnetic  field  and  the 
direction  of  the  spark  discharge.  This  causes  the  dischai^e  to  move 
around  and  around  the  circular  gap  between  the  anode  disc  and  the 
cathode  ring.  But  either  the  anode  disc  or  the  cathode  ring  must  have 
a  rough  surface  in  order  to  obtain  the  conditions  necessary  to  produce 
oscillations  in  an  oscillatory  circuit  shunted  about  the  spark-gap.     It 


Fig.  1. 

was  found  best  to  put  a  regularly  roughened  surface  on  the  cathode  ring. 
Different  methods  were  tried  for  producing  this  regularly  roughened 
surface.  The  simplest  and  most  successful  method  tried  was  carefully 
to  wind  a  soft  copper  wire  of,  say.  No.  16  gauge  on  a  ring  made  of  No.  10 
or  No.  1 1  gauge  wire.  This  wire-wound  ring,  r,  was  then  soldered  into 
a  circular  hole  cut  in  a  sheet  of  copper,  this  sheet  of  copper  serving  not 
only  as  a  conductor  to  which  the  line  from  the  negative  brush  of  the 
dynamo  is  attached,  but  also  as  a  heat  radiator  for  the  cathode  ringt 
thus  keeping  it  reasonably  cool. 

Connections  of  Apparatus. 
In  Fig.  2,  there  is  shown  a  general  diagram  of  the  connections  of  the 
apparatus.  The  source  of  difference  of  potential  used,  (£),  was  two  J^ 
horse-power  500  volt  D.C.  dynamos  joined  in  parallel.  Ri,  is  a  variable 
resistance  consisting  of  a  bank  of  carbon  filament  lamps  in  series  with  a 
slide-wire  contact  resistance  capable  of  varying  the  main  current  from 
about  l/lD  of  an  ampere  to  about  1  ampere,  /o  is  a  direct  current  milli- 
ammeter  with  which  to  measure  the  current  in  the  main  circuit.     Lo  is  a 


ibyGoogIc 


55J-^]  AW  ELBCTRIC  CONVERTER,  5 1 

choke  coil.  The  high  tension  side  of  an  ordinary  electric  light  transformer 
was  used  for  the  choke-coil.  G  is  the  gap  between  the  anode  disc  and 
the  cathode  ring.  Ci  is  a  variable  capacity  in  oil,  C»  is  a  similar  capacity 
in  the  secondary  oscillating  circuit.  Li  is  the  primary  of  a  closely  wound 
induction  coil,  ij  is  the  secondary  of  this  coil,  /i  is  a  hot  wire  ammeter 
with  which  to  measure  the  current  in  the  primary  oscillating  circuit. 
J^  is  a  variable  resistance  consisting  of  a  bank  of  carbon  filament  lamps. 


Theory  and  Principles  of  the  Action  of  the  Spark-Gap. 
When  the  apparatus  is  connected  as  shown  in  the  diagram.  Fig.  2, 
and  when  the  proper  conditions  are  produced  for  the  spark  discharge  to 
take  place,  the  spark  will  pass  around  and  around  in  the  gap  between  the 
inside  disc  and  the  out^de  regularly  roughened  or  notched  ring.  Because 
of  the  notches  or  grooves  in  the  outside  ring  the  sparking  distance  alter- 
nates rapidly  from  a  given  minimum  to  a  given  maximum  as  the  dis- 
charge passes  around  the  gap;  and,  therefore,  the  resistance  of  the  gap 
likewise  varies  with  this  varying  length.  The  function  of  the  choke  coil 
in  the  main  circuit  now  appears.  It  serves  to  maintain  a  nearly  constant 
supply  of  energy  through  the  gap  and  the  primary  oscillating  circuit 
shunted  around  the  gap.  When  the  spark  is  passing  between  the  inside 
disc  and  a  ridge  on  the  outside  ring  the  resistance  across  the  gap  has  a 
minimum  value,  but  when  the  spark  is  passing  between  the  disc  and  a 
groove  in  the  outside  ring  the  resistance  of  the  gap  is  a  maximum.  There 
will,  therefore,  be  a  rapdily  alternating  Jlow  and  ebb  of  energy  into  the 
primary  circuit, — at  each  high  resistance  in  the  gap  a  flow,  at  each  low 
resistance  in  the  gap  an  ebb.  Since  the  primary  oscillating  circuit  has  a 
natural  frequency  of  its  own,  it  would  seem  that  the  oscillations  in  this 
primary  circuit  for  a  given  set  of  conditions  will  have  an  increased 
amplitude, — and,  therefore,  a  greater  amount  of  energy  will  be  in  the 
primary  circuit, — when  the  natural  frequency  of  the  primary  oscillating 
circuit  is  an  integral  multiple  of  the  frequency  of  the  fbw  and  ebb  of 
energy  into  this  circuit  due  to  the  alternating  higher  and  lower  resistances 
in  the  spark  gap. 
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A  number  of  variables  however  enter  into  the  investigation  of  these 
circuits  and  the  complete  determination  of  their  inter-relation  is  not  as 
simple  a  problem  as  at  first  it  seems  to  be.  The  D.C.  voltage  impressed 
across  the  gap,  the  amount  of  current  in  the  main  circuit,  the  average 
length  of  the  spark  gap,  the  number  of  ridges  and  grooves  in  a  given 
length  of  arc  of  the  spark  gap  circumference,  the  intensity  of  the  magnetic 
field  through  the  gap;  these  are  some  of  the  quantities  to  be  investigated. 

Observations  and  Discussion. 

The  spark-gap  may  vary  in  mean  length  with  different  conditions 
from  0.2  mm.  to  2.5  mm.  It  will  be  observed  at  once  that  with  a  spark 
gap  of  this  length  it  is  necessary  to  start  the  spark  discharge  by  some 
mechanical  means.  This  is  done  by  pushing  a  small  wire  into  a  groove 
in  the  liber  next  to  the  cathode  ring  so  that  the  wire  touches  both  Che 
inside  disc  and  the  outside  ring.  This  doses  the  main  circuit.  The 
wire  is  immediately  withdrawn,  thus  starting  the  spark  discharge. 

The  curves  of  Fig.  3  show  the  result  of  using  different  lengths  of  spark 
gap.    The  curve  marked  "Znt"  shows  the  variation  of  current  in  the 
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Fig.  3. 

Variation  of  current  In  primary  witi)  cluiig«  of  apark-gap  iength.  Variation  of  voltage 
croM  g»p  with  cliange  of  apark-gap  length.  Field  -  4,500  gausa,  /i  »  0.65  amp.,  Ci 
■  3.4  XIO-*  M.F. 


primary  oscillating  circuit  with  a  change  in  the  length  of  the  gap  when 
zinc  was  used  for  the  anode  disc.  The  curve  marked  "Ct"  shows  the 
same  thing  for  carbon  as  the  anode  disc.    On  the  same  chart  are  shown 
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two  curves  which  illustrate  the  variation  of  D.C.  voltage  across  the  gap 
with  a  change  of  spark  gap  length.  These  curves  are  marked  "Zn," 
and  "C.."  For  beat  results  the  spark  gap  should  be  from  0.4  mm,  to 
1.5  mm.  in  length.  These  curves  seem  to  indicate  that  zinc  or  carbon 
may  be  used  for  the  anode  disc  with  approximately  the  same  results. 
Brass  and  aluminium  were  tried  with  practically  the  same  success. 

The  study  of  the  effect  of  a  varying  field  upon  the  current  in  the 
primary  oscillating  circuit  follows.  To  get  the  relation  between  these 
quantities  it  is  necessary  first  to  know  the  relation  between  the  current 
in  the  coil  to  produce  the  magnetic  field  across  the  gap,  and  the  field 
itself.  This  relation  was  determined  by  plotting  a  curve  with  the  current 
in  the  field  coil,  measured  in  amperes,  as  abscissas  and  with  the  field, 
measured  in  gausses,  as  ordinates.  From  this  curve  it  was  easy  to  note 
the  field  through  the  gap  corresponding  to  any  current  in  the  field  coil. 
The  method  used  to  determine  the  field  strength  was  the  method  of  the 
bismuth  spiral;  the  pole  pieces  being  kept  at  the  same  distance  from 
each  other  as  they  are  when  the  anode  and  cathode  parts  are  between 
them,  i.  e.,  at  a  distance  of  approximately  0.7  cm. 

If,  now,  the  spark  discharge  be  started  and  all  the  variable  quantities 
in  both  the  main  circuit  and  the  oscillating  circuits  be  kept  constant,  but 
the  field  be  increased  gradually,  the  current  in  the  primary  oscillating 
circuit  will  also  increase.    It  does  not,  however,  increase  as  a  straight 
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line  function,  but  rises  to  a  maximum  above  which  an  increase  of  field 
will  not  further  augment  it.  If  the  field  is  increased  consider^ly 
beyond  the  value  which,  for  a  given  set  of  conditions,  will  give^the  maxi- 
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mum  current  in  the  primary  oscillating  circuit  the  spark  discharge 
sputters  or  becomes  noisy  and  the  energy  in  the  oscillating  circuit  is 
decreased  rather  than  increased.  In  Fig.  4  are  shown  three  characteristic 
curves  illustrating  the  above  mentioned  result.  The  readings  for  the 
curve  marked  "Zn  2"  were  obtained  when  a  spark  gap  of  0.85  mm.  was 
used.  The  spark  gap  for  the  curve  "ZN  i"  was  l.j  mm.  long,  and  that 
for  the  curve  marked  "Z«  5"  was  2.J  mm.  in  length.  The  explanations 
of  this  result  that  have  suggested  themselves  to  the  writer  are  not  entirely 
satisfactory  to  him  and  are  reserved  for  further  verification. 

The  curve  of  Fig.  5  marked  I\  shows  the  increase  of  current  in  the 
primary  oscillating  circuit  with  a  gradual  increase  of  the  capacity  in  that 
circuit.  The  curve  marked  /o  shows  the  amount  of  current  in  the  supply 
circuit  corresponding  to  these  different  amounts  of  capacity  and  current 
in  the  primary  oscillating  circuit.  The  readings  for  the  curves  were  taken 
with  the  magnetic  field  across  the  gap  maintained  at  about  4,500  gausses. 


Fig.  5. 
Supply  circuit  and  osdUatory  circuit  curreuts  with  change  of  primaij-  capacity. 


To  get  the  maximum  current  in  the  primary  oscillating  circuit  for  a 
given  amount  of  capacity  in  this  circuit  the  current  in  the  main,  or  supply 
circuit  must  not  be  too  large.  When  there  is  too  much  current  in  the 
main  circuit  the  spark  discharge  sputters  and  is  irregular,  and  thus  little 
enei^  gets  into  the  oscillating  circuits.  But  when  this  condition  is 
present,  if  the  supply  current  is  gradually  decreased  the  gap  runs  more 
and  more  smoothly,  and  the  current  in  the  primary  oscillating  circuit 
gradually  increases.  If  the  supply  current  is  still  gradually  decreased 
by  means  of  the  variable  re^tance  in  the  main  circuit  the  current  in  the 
oaciUating  circuit  continues  to  increase  until  it  comes  always  to  a  maxi* 
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mum  value  for  the  given  capacity  in  the  drcuit.  If  the  supply  current 
is  decreased  yet  a  trifle  the  spark  suddenly  stops — "blows  out.*'  This  is 
a  very  characteristic  phenomenon  of  the  converter.  It  seems  to  indicate 
that  as  the  energy  in  the  oscillating  circuit  becomes  greater  and  greater 
a  condition  is  reached  where  the  back  E.M.F.  impressed  across  the  gap 
due  to  the  oscillations  in  this  circuit  is  sufficient  to  reduce  the  D.C.  voltage 
across  the  gap  to  too  low  a  value  to  maintain  the  spark  dischai^e. 

The  number  of  notches  per  unit  length  of  arc  of  the  spark  gap  cir- 
cumference is  an  important  factor  in  determining  the  amount  of  energy 
that  is  transformed  in  the  oscillating  circuits.  A  very  large  number,  say 
25  per  centimeter  of  arc,  is  of  no  advantage,  but  rather  of  a  disadvantage. 
If  the  number  be  too  large  the  spark  discharge,  or  arc,  spreads  over 
several  of  them,  and  thus  a  regular  and  considerable  rise  and  fall  of  the 
spark  gap  resistance  is  not  obtained.  On  the  other  hand  if  the  number  of 
notches  be  too  few  then  the  number  of  pulses  per  unit  of  time  is  not  suffi- 
cient, with  a  low  field  across  the  gap,  to  maintain  the  oscillations  in  the 
primary  circuit.  However,  with  only  54  notches  in  the  entire  circum- 
ference of  the  gap  the  current  in  the  primary  increases  very  rapidly  as  the 
magnetic  field  across  the  gap  is  increased.  The  best  results  were  ob- 
tained with  a  cathode  ring  made  with  about  10  notches  per  centimeter  of 
arc. 

Among  the  observations  made  in  connection  with  the  secondary 
circuit  one  notable  fact  was  observed.  It  was  frequently  noticed  that 
when  the  gap  was  in  operation  with  slightly  too  much  current  in  the 
supply  circuit  and  when  the  secondary  was  not  tuned  to  the  primary,  the 
tuning  of  the  secondary  to  the  primary  produced  the  condition  in  the  gap 
which  would  be  obtained  by  gradually  decreasing  the  current  in  the 
supply  circuit;  i.  e.,  the  spark  discharge  becomes  more  regular  and  quiet 
and  the  current  in  the  primary  increases.  If  the  gap  is  already  acting 
smoothly  before  the  secondary  is  tuned  to  the  primary  an  attempt  to 
tune  it  wUl  cause  the  spark  to  "blow  out." 

Application. 

A  very  interesting  application  of  this  new  converter  occurs  in  wave- 
telegraphy.  The  writer  has  at  different  times  successfully  signalled  by 
means  of  it  to  a  private  wireless  station  three  city  blocks  distant.  These 
finals  were  very  distinctly  heard  at  stations  at  a  distance  of  from  three 
to  five  miles  from  the  Randal  Morgan  Laboratory  of  Physics  where  this 
research  was  pursued. 

There  are  several  ways  to  produce  the  signals  with  this  apparatus. 
One  method  is  to  join  in  series  with  the  secondary  circuit  (which  is  the 
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antenna  circuit  here)  a  suitable  resistance  of,  say,  carbon  filament  lamps 
and  shunt  this  resistance  with  the  signaling, key.  Upon  pressing  the  key 
to  produce  a  signal  the  resistance  is  shunted  and  the  energy  in  the 
secondary  is  radiated  through  the  antenna  instead  of  being  used  to  heat 
the  resistance.  Another  method  is  to  join  in  parallel  with  the  antenna 
circuit  a  secondary  which  can  be  tuned  to  the  primary.  These  two 
circuits  have  placed  in  them  a  double-action  key.  When  this  secondary 
circuit  is  closed  it  diverts  the  energy  from  the  antenna  circuit.  When 
the  key  is  pressed  to  produce  a  signal  the  tuned  secondary  circuit  is 
broken.  The  energy  then  "flows"  into  the  antenna  circuit  and  is 
radiated  by  it. 

It  is  the  confident  belief  of  the  writer  that  this  method  of  producing 
continuous  high  frequency  oscillations  will  succeed  not  only  in  wireless 
telegraphy  but  also  in  wave>telephony. 

Summary. 

1.  A  result  of  this  research  is  that  an  electric  converter  to  produce 
continuous  electric  oscillations  of  high  frequency  has  been  constructed 
which  applies  the  fundamental  principle  of  the  electric  motor.  A  gas 
serves  as  the  conductor.  A  radial  spark  discharge  takes  place  through 
air  at  right  angles  to  an  intense  magnetic  field;  and  in  accordance  with 
the  electro-dynamical  principle  involved  there  is  a  force  action  on  the 
spark  perpendicular  both  to  the  direction  of  the  m^netic  field  and  to  the 
direction  of  the  spark  discharge,  causing  the  spark  to  move  rapidly 
around  tn  a  circular  gap. 

2.  An  advantage  of  this  converter  con^sts  in  the  fact  that  the  spark 
discharge  takes  place  in  air  instead  of  in  some  other  gas  such  as  hydrogen. 

3.  To  produce  the  electric  oscillations  in  the  oscillatory  circuit  the 
circular  spark  gap  should  be  regularly  notched  with  about  10  notches 
per  centimeter  of  arc. 

4.  The  length  of  the  spark  gap  may  be  from  0.4  mm.  to  2.5  mm. 

5.  An  increase  of  the  magnetic  field  across  the  gap  increases  the  energy 
in  the  oscillatory  circuit  but  not  in  constant  ratio  with  the  increasing  field. 

6.  By  increasing  the  capacity  in  the  primary  oscillatory  circuit  the 
oscillating  current  is  rapidly  augmented,  while  the  increase  in  the  supply 
current  to  make  possible  such  increase  of  capacity  is  small. 

7.  Too  large  a  supply  current  decreases  the  energy  of  the  oscillatory 
circuit.  For  a  given  set  of  conditions  if  the  supply  .current  be  gradually 
decreased  the  oscillating  current  increases  until  a  condition  is  reached 
where  further  decrease  of  supply  current  causes  the  spark  to  suddenly 
stop. 
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8.  This  type  of  electric  converter  is  well  adapted  to  use  in  wave- 
telegraphy. 

In  conclusion  I  wish  to  thank  Professor  A.  W.  Goodspeed,  director  of 
the  Randal  Morgan  Laboratory  of  Physics,  for  placing  at  my  disposal 
the  facilities  of  the  laboratory  which  made  possible  this  investigation. 
I  also  wish  to  acknowledge  my  indebtedness  to  Dr.  R.  H.  Hough  for 
much  valuable  asrastance,  and  for  suggesting  to  me  the  fundamental  idea 
from  which  this  research  developed. 
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THERMAL  CONDUCTIVITY  OF  AIR  AT  LOW  PRESSURES. 

By  a.  Tbowbudge. 

IN  the  course  of  an  investigation,  still  in  progress,  which  involves  the  use 
of  bolometers  enclosed  in  a  vacuum,  irregularities  in  the  equilibrium 
temperature  of  the  bolometers  were  noted  which  were  too  large  to  permit 
a  continuance  of  the  work.  It  was  obvious  that  the  temperature  varia- 
rions  were  caused  by  variations  in  the  pressure  of  the  gas  residues  con- 
tained in  the  vacuum  but  as  these  pressure  changes  were  found  not  to  be 
wholly  due  to  leaks  and  seemed  to  be  unavoidable  under  the  conditions 
of  the  original  investigation,  it  was  decided  to  make  a  separate  study  of 
the  effect  of  pressure  on  the  equilibrium  temperature  of  a  bolometer  in 
order  to  ascertain  whether  or  not  there  were  any  pressure  at  which  the 
rate  of  change  of  the  temperature  with  the  pressure  is  a  minimum. 

The  results  of  this  subsidiary  research  seem  to  the  writer  to  be  of 
sufficient  importance  to  warrant  the  publication  of  them  separately 
especially  as  the  main  investigation  of  which  this  is  a  "by-product" 
will  not  soon  be  completed. 

A  body  heated  in  a  vacuum  loses  energy  by  conduction  in  its  own 
material;  by  conduction  due  to  the  gas  residues;  by  gas  convection  and 
by  radiation.  For  small  differences  of  temperature  between  the  body  and 
the  enclosure  the  radiation  may  be  taken  to  be  proportional  to  this  tem- 
perature difference  and  to  depend  in  addition  on  the  geometry  of  the 
system  and  on  the  nature  of  the  radiating  surfaces.  For  pressures  of  less 
than  one  tenth  of  a  millimeter  of  mercury  the  energy  loss  by  gas  convec- 
tion may  be  neglected  in  practice.  The  loss  by  conduction  through  the 
material  of  the  body  itself  may  be  calculated  from  a  knowledge  of  the 
thermal  conductivity  of  the  material  and  its  geometry  and  by  a  proper 
choice  of  dimensions  may  be  rendered  small  compared  to  the  losses  by 
other  means. 

The  remaining  mode  of  energy  loss  (gas  ronduction)  is  the  only  one 
which  can  depend  primarily  on  the  gas  pressure. 

It  is  known  from  the  theoretical  work  of  Maxwell  and  from  the  experi- 
ments of  Kundt  and  Warburg  that  the  thermal  conductivity  of  a  gas 
should  be  independent  of  the  pressure  so  long  as  this  is  not  too  small  and 
it  is  known  that  at  very  low  pressures  the  conductivity  is  a  function  of 
the  pressure. 
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M.  V.  Smoluchowskii  has  accounted  for  the  latter  fact  on  the  principles 
of  the  kinetic  gas  theoty  by  the  aid  of  the  assumption  that  while  the 
"internal"  conductivity  is  independent  of  the  pressure  there  exists  at 
the  boundary  wall  a  temperature  discontinuity  caused  by  imperfect 
thermal  interchange  and  that  this,  itseU  a  function  of  the  pressure, 
plays  an  ever-increasing  rOle  in  determining  the  energy  flow  as  the 
pressure  is  reduced.  When  the  pressure  is  so  low  that  the  mean  free 
path  of  the  gas  particle  is  more  than  the  distance  which  separates  the 
body  from  its  enclosure  the  "internal"  conductivity  no  longer  deter- 
mines the  energy  flow  even  in  part  but  the  "external"  conductivity  is 
all-imj)ortant  and  this  M.  v.  Smoluchowski  shows  to  be  theoretically 
proportional  to  the  gas  pressure. 

The  results  for  the  conductivity  of  air  at  low  pressures  obtained  by 
calculation  from  the  equilibrium  temperatures  of  bolometers,  were  in 
such  good  accord  with  the  above  theoretical  considerations  that  it  was 
decided  to  test  them  more  accurately  than  had  been  possible  in  the  pre- 
liminary experiment. 

With  this  purpose  the  bolometer  was  abandoned  for  a  platinum  wire 
30  cm.  long  and  0.005  cm.  in  diameter  wound  into  a  spiral  and  coated 
with  platinum-black.  This  was  mounted  in  the  center  of  a  glass  bulb 
about  5  cm.  in  diameter  connected  to  a  Gaede  molecular  pump  provided 
with  a  McLeod  gauge  capable  of  measuring  gas  pressures  down  to  1.5 
X  io~*  mm.  A  tube  containing  cocoanut  charcoal  for  use  with  liquid 
air  to  produce  a  vacuum  free  from  mercury  vapor  was  also  connected  with 
the  tube  containing  the  platinum  spiral. 
.  The  spiral  wire  was  sufficiently  long  in  comparison  to  its  diameter  to 
make  the  energy  loss  by  end-conduction  negligible  with  respect  to  the 
losses  by  radiation  and  by  gas  conduction.  The  spiral  formed  one  branch 
of  a  Wheatstone  bridge,  two  of  the  renuuning  three  branches  of  which 
were  manganin  coils  of  1,000  ohms  each.  Opp>osite  to  the  spiral  was  a 
manganin  coil  whoee  resistance  was  very  slightly  greater  than  that  of 
the  spiral  and  this  coil  was  shunted  with  a  variable  high  resistance  so 
that  the  combined  resistance  of  the  branch  could  be  made  exactly  equal 
to  the  resistance  of  the  spiral. 

After  having  determined  the  temperature  coefficient  of  resistance  of 
the  platinum  spiral  in  the  usual  manner  it  was  found  that  the  temperature 
of  the  spiral  was  very  accurately  proportional  to  the  square  of  the  current 
flowing  in  it  provided  the  temperature  rise  of  the  spiral  was  not  more 
than  30  to  30  degrees  centigrade  and  provided  the  pressure  of  the  gas 
in  the  bulb  containing  the  spiral  is  maintained  constant.     This  is  to  be 

■  Annalen  der  Pbyaik,  3$,  p.  983,  1911. 
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expected  since  the  rate  of  energy  input  is  proportional  to  the  square  of 
the  current  and  the  energy  outflow  is  proportional  to  the  temperature 
difference  between  the  body  and  the  wall  for  small  differences  of  tem- 
perature. The  slope  of  the  straight  line  connecting  temperature  rise 
and  the  square  of  the  heating  current  depends  only  on  the  gas  pressure 
in  the  enclosure,  being  in  fact  great  for  low  pressures  and  small  for  high 
pressures. 

It  would  seem  thus  that  the  slope  of  the  temperature-(current)*  curve 
might  be  brought  into  quantitative  relation  with  the  pressure  correspond- 
ing to  this  slope  and  thus  a  law  relating  the  gas  conductivity  with  the 
pressure  might  be  obtained. 

This  expectation  has  been  fulfilled  as  a  result  of  the  observations  re- 
ported further  on. 

The  following  table  gives  the  results  of  a  series  of  observations  ob- 
tained with  a  blackened  platinum  wire  in  a  glass  enclosure  which  was 
maintained  at  a  temperature  of  zero  degrees  centigrade  by  being  kept 
in  a  Dewar  flask  containing  cracked  ice.  In  column  i  are  tabulated  the 
values  of  the  gas  pressure'  in  thousandths  of  a  mm.  of  mercury.  In  col- 
umn 2  are  given  the  slopes  of  the  temperature-(current)*  function.  Col- 
umn 3  contains  the  reciprocal  of  the  square  of  the  values  in  column  2, 
Column  4  contains  the  values  of  column  3  diminished  by  the  reciprocal 
of  the  squ2ure  of  the  slope  at  zero  pressure  (this  value  was  obtained  by 
exterpolation).  The  last  column  contains  the  ratio  of  the  values  in  col- 
umn 4  to  the  corresponding  values  in  column  i.  The  values  in  columns 
2  to  4  inclusive  are  in  arbitrary  units. 

Although  there  is  a  wide  variation  in  the  values  in  columns  i  and  4 , 
column  5  shows  a  very  fair  degree  of  constancy. 

In  order  to  draw  conclusions  from  this  experimental  result  it  is  neces- 
sary to  interpret  the  physical  significance  of  the  quantities  {1/5)'  and 

If  /  represent  the  difference  in  temperature  between  the  spiral  and  its 
enclosure  when  the  current  J  flows  we  have  the  change  in  resistance  of 
the  spiral  given  by  n  *  ro{/  +  at)  where  a  is  the  temperature  coefficient 
of  the  re^stance  of  the  material  of  which  the  spiral  is  made. 

For  small  values  of  /  it  was  found  experimentally  that  f^  J'  or 
f  =  5 J*  or  J  —  r/J*  where  ^  is  the  slope  given  in  column  2  of  the  table; 
hence  /  —  J^s/r^.  If  X  be  the  loss  in  calories  per  second  per  unit  length 
per  degree  difference  in  temperature  due  to  gas  conducrion  and  a  be  the 

1  Tht  pressDrei  are  not  those  at  which  observations  were  taken  but  are  values  Ukken  from 
a  smooth  curve  laid  through  the  observation  pohits.  These  latter  were  all  so  dose  to  the 
smooth  curve  tbat  the  value*  in  column  i  practically  reprewnt  observation  points  and  are 
more  convenient  for  calculation. 
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loss  due  to  radiation  expressed  in  the  same  units  and  if  the  loGses  due  to 
convection  and  to  conduction  in  the  material  of  the  wire  be  negligible 
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150 
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346 
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23.0 
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23.5 

180 

511 

383 

367 
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500 

400 

384 

21.0 
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485 
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the  total  loss  from  the  wire  when  it  is  (  degrees  centigrade  above  its 
surroundings  {(X  +  <r)t)  must  be  equal  to  the  energy  supplied  by  the 
current  (o.2$gJ*ri,/e). 

Thus  /  =■  0.239J»ro/(ff  +  X)/  but  since  t  -  J^s/raa 


Thus  at  pre^ure  p 
and  at  pressure  o 


(I) 


w 


and  the  constancy  ot  the  value 


1  5  of  the  table  indicates  that 

■  (.  +  h,y  -  k'p.  (4) 
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If  we  assume  that  at  pressure  zero  the  gaa  conductivity  is  also  zero  we 
have  <r*  +  2a\,  +  X,'  —  it*  -  k'p  or  2c\f  +  X,*  -  k'p.  For  very  low 
pressures  \,  is  small  compared  to  a  for  a  is  independent  of  the  pressure 
and  hence  in  this  case  X,  is  proportional  to  the  pressure.  This  is  a  result 
at  which  v.  Schmoulouski  arrived  in  his  paper  cited  above. 

If  on  the  other  hand  the  pressure  is  great  the  quadratic  form  of  the 
function  Xp  allows  a  practical  independence  of  the  pressure  as  Maxwell 
showed  should  be  the  case  at  high  pressures.  Thus  equation  A  which 
satisfactorily  represents  the  observations  made  with  a  blackened  platinum 
wire  in  an  enclosure  of  glass  at  constant  temperature  is  in  agreement 
with  theoretical  conclusions  both  at  very  low  and  at  very  high  pressures. 

In  the  former  of  the  two  cases  the  conductivity  is  proportional  to  the 
number  of  molecules  present  in  unit  volume.  This  is  what  we  might 
expect  if  each  molecule  moved  from  the  wire  to  the  wall  without  colliding 
with  its  neighbors  since  this  could  only  happen  if  the  mean  free  path  of 
the  molecule  were  lar^  in  comparison  to  the  distance  between  the  wire 
and  the  wall,  i.  e.,  at  low  pressures. 

In  the  latter  of  the  two  cases  the  conductivity  may  be  independent  of 
the  pressure  because  while  the  number  of  molecules  in  unit  volume  in- 
creases with  the  pressure  the  mean  free  path  decreases  in  like  amount  so 
that  the  energy  transfer  may  be  independent  of  the  pressure  if  the 
distance  between  the  wire  and  wall  be  a  great  many  times  the  mean  free 
path. 

It  will  be  seen  that  the  radiation  o  may  be  calculated  from  equation 
(2).  It  may  also  be  calculated  as  follows  if  we  assume  the  wire  to  be  a 
black  body,  cylindrical  in  form,  of  radius  R  and  length  I  cm.  The 
radiation  loss  per  second  of  such  a  body  is  2irlRA{T^  —  Tt*)  where  A  is 
the  constant  of  the  Stefan- Boitzmann  law  and  T  and  7*0  are  the  absolute 
temperatures  of  the  wire  and  the  enclosure  respectively.  If  the  difference 
of  these  temperatures  is  small  the  loss  may  be  expressed  by  SirRTo'ltA 
and  the  loss  per  unit  length  per  degree  difference  in  temperature  between 
wire  and  wall  is 

a  =  SxRATJ'.  (3) 

(Since  A  is  expressed  in  calories  per  sq.  cm.  per  sec.  <r  will  be  expressed 
in  calories  per  sec.  per  cm.  length.) 

The  value  calculated  from  this  formula  is  16.2  X  ro~'  while  that 
calculated  from  the  data  contained  in  the  table  is  20.3  X  lO"'.  This 
difference  is  in  part  due  to  the  fact  that  the  area  of  the  blackened  wire  is 
greater  than  that  of  the  bare  wire  whose  dimensions  were  used  in  the 
calculations  by  means  of  equation  3.    As  a  further  test  as  to  whether  I/so 
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is  proportional  to  ir  a  series  of  observations  was  taken  with  the  enclosure 
at  26  degrees  centigrade.  It  was  found  that  the  value  of  the  quantity  k 
in  equation  A  was  unchanged  although  the  value  of  {I/st)*  was  increased 
from  16  X  io~*  to  28  X  10"*.  The  square  root  of  the  ratio  of  these  two 
numbers  is  the  ratio  of  the  corresponding  values  of  the  radiaticm  constants 
(T.  Thus  vt»laii  -  1.32.  By  equation  3  this  ratio  should  be  equal  to  the 
ratio  of  the  cubes  of  the  absolute  temperatures,  which  is  1.31. 

On  the  whole  the  calculations  based  on  the  assumption  that  the  wire 
and  the  enclosure  are  black  bodies  are  in  very  fair  accord  with  the  facts, 
but  equation  (A)  is  by  no  means  restricted  to  the  case  of  black  bodies. 
In  fact  the  equation  shows  that  in  the  experimental  determination  of  the 
gas  conductivity  it  is  advisable  to  employ  a  poor  radiator  so  that  a 
may  be  small  compared  to  X. 

With  the  object  of  testing  further  the  validity  of  equation  (A)  expoi- 
ments  were  undertaken  with  an  unblackened  spiral  of  platinum  wire. 
The  experimental  procedure  was  altered  as  follows:  Instead  of  observing 
the  change  of  the  resistance  of  the  spiral  for  two  different  heating  currents 
/i  and  Jt  at  every  pressure  p  the  current  /,  which  must  needs  flow  in 
order  to  raise  the  temperature  an  assigned  amount  was  observed  for 
every  gas  pressure. 

Since  t  =  fSp/ri^  if  (  be  kept  constant  Sp  «  ijJ,*  and  by  equations 
(i)  and  (2)  Jp*  «  (<r  +  \p)*  and  Jo*  ~  (ff  +  Xb)».  Thus  for  equation  (A) 
to  be  true  Jp*  —  Jb*  must  be  proportional  to  the  pressure  p. 

In  practice  the  Wheatstone  bridge  which  contained  the  spiral  as  one 
of  its  branches  was  always  kept  in  balance  so  that  the  spiral  was  about 
10  degrees  C.  hotter  than  its  surroundings.     To  accomplish  this  the 
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resistances  of  the  other  three  branches  of  the  bridge  were  maintained 
constant  and  the  current  was  adjusted  to  the  proper  value  for  each  gas 
pressure  at  which  observations  were  taken.     This  current  was  measured 
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on  a  Weston  mil-ammeter.  This  method  of  observation  is,  of  course,  not 
so  accurate  as  that  first  employed  as  it  involves  the  reading  of  a  deflection 
instrument  but  it  has  the  advantage  of  permitting  rapid  measurement. 
For  some  time  past  the  writer  has  employed  a  heated  platinum  spiral  in 
the  manner  just  described  as  a  substitute  for  the  McLeod  gauge  in  the 
pressure  range  below  one  one-thousandth  of  a  millimeter  of  mercury  and 
has  found  it  possible  to  take  about  twenty  pressure  measurements  with 
the  spiral  in  the  time  required  to  take  a  single  observation  with  the 
McLeod  gauge.  The  following  table  includes  the  results  of  a  character- 
istic  series  of  observations  taken  by  the  last-described  method : 

As  will  be  seen  by  comparison  with  Table  I.  the  constancy  in  the  last 
column  is  here  not  quite  so  satisfactory  as  in  the  case  of  the  results  ob- 
tained by  use  of  the  flrst  method.     This  is  undoubtedly  due  in  part,  as 
already  mentioned,  to  the  use  of  the  mil-ammeter,  and  in  part  also  to 
the  fact  that  the  gas  pressures  employed  were  much  lower  than  in  the 
first  series  and  hence  were  less  accurately  determined  by  means  of  the 
McLeod  gauge.     It  is  evident  however  from  a  study  of  both  the  tables 
that  within  the  limit  of  probable  error  the  equation  (A)  is  satisfied  and 
that  at  low  pressures  the  gas  conductivity  is  proportional  to  the  number 
of  gas  molecules  present  in  unit  volume. 
Palmbk  Physical  LABOXATORy. 
FuNcnoN  Utnvsssiry. 
June.  1913. 
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EXTENSION  OF  MAXWELL'S  SERIES  FORMULA  FOR  THE 
MUTUAL  INDUCTANCE  OF  COAXIAL  CIRCLES. 

By  J.  G.  CowiN. 

'  I  'HE  most  impoftant  formula  (or  the  mutual  inductance  of  coaxial 
A      circles  is  the  exact  formula  b  elliptic  Integrals  given  by  Maxwell :' 


M  -  4w 


Mil-')'-i'\ 


(I) 


in  which  A  and  a  are  the  radii  of  the  two  drclee,  d  i»  the  distance  between 
their  centers,  and 

2VIa 


k  - 


V(^  +  8)*  +  d» 


■  8in  y. 


F  and  £  are  the  complete  elliptic  integrals  of  the  first  and  second  kind, 
respectively,  to  modulus  k. 

He  also  obtained  an  expression  for  the  mutual 
inductance  between  coaxial  circles  in  the  form  of  a 
converging  series  which  is  sometimes  more  conve- 
nient to  use,  but  has  the  especial  importance  of 
being  integrable  over  the  cross  sections  of  coaxial 
coils  thfls  giving  rise  to  many  valuable  formulae. 
It  is  thus  seen  to  be  a  formula  of  fundamental 
importance.  Maxwell  however  carried  the  series 
to  terms  of  the  third  degree  in  cfa  and  d/a  only. 
A  and  a  are  the  radii  of  the  two  circles,  c  =  A  —a,d 
is  their  distance  apart.  His  formula  includes  only 
the  termsof  the  third  degree  of  the  following  one. 


Fig.  1. 


3f-4«{log7(i+^  + 


c*+3<P      c*  +  3c<f*  .  I7i:*+42t*tP— I5(P 


i9c*+iodd*~4scd* 
2,0480' 

.   l9C*+534c'tP-93^' 


^         48- 1280* 
1  Etectridtr  aod  Masnettam,  4>  P-  3°^.  i^T- 


'■'  _  37y'+3.030t''i' -iMs^'  ,        \] 
480'ia8<i'  ■'         ;/■ 
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E.  B.  Rosa  and  Louis  Cohen'  extended  Maxwell's  formula  to  terms  of 
the  fifth  degree  by  expanding  the  terms  of  formula  (i)  in  series  and  sub- 
stituting them  in  it.  Their  result  is  formula  (s).  Nagaoka*  confirmed 
this  formula  including  terms  of  the  fourth  degree  by  means  of  an  expansion 
of  a  formula  due  to  him  in  the  j^series  of  Jacobi. 

Cofiin'  in  order  to  deduce  a  formula  for  the  self-inductance  of  a  cylin- 
drical coil  deduced  a  formula  equivalent  to  Maxwell's  in  which  c  •  o, 
that  is,  for  equal  circles,  up  to  and  including  terms  of  the  eighth  degree, 
which  gives  with  considerable  exactness  the  mutual  inductance  of  equal 
circles  up  to  d  «  a.    Coffin's  formula  is 


\    '  i\       I&1>      8XI3&1'      laSV      2XI28'|I«  ' 


■6o'      i6Xl28»'     6Xia8^i«     8XI28'<1' 


-).    '" 


This  formula  has  been  amply  verified  in  the  form  it  is  and  in  the  form 
of  an  expression  for  the  aeU-tnductan<»  of  a  cylindrical  current  sheet 
deduced  from  it,  by  many  numerical  calculations  compared  with  numer- 
ical  results  deduced  from  absolute  formulae.  In  1908  Havelock*  deduced 
an  expression  for  the  mutual  inductance  of  coaxial  circles  depending  on 
certain  definite  integrals  of  Bessel  functions  which  he  expanded  in  series. 
His  formula  is 

— ^-{-'-^"[■+fe(£)-T3;(£)'+-] 

This  formula  is  simpler  for  use  than  Maxwell's  but  it  is  not  in  a  form  suit- 
able for  integration.  Rosa  noticed  however  that  when  ^  »  a  Havelock's 
formula  reduces  to  Coffin's  formula  (3)  and  hence  it  may  be  extended  as 
follows: 

1,024"  '  I28»'*     2X128'"  "^ " 


*  11^16       1,024        I28»        2X128'  J^     r 

is) 


r     ,    I  31      ,.      H7       .       7,795      .  . 

I    ^16        2,048     ^6X128*         8X128* 
where  H  "  c*  -f  iP,  o  —  T*/Aa, 

1  Bulletin  ol  the  Bur«»u  of  St«ad«nl«,  a,  p.  364,  1906. 

■  Nagaoka.  Phil.  Mk(..  6,  p.  19,  1903. 

>  J.  G.  Coffin.  Bulletin  of  the  Bureaa  of  Standaidt,  a,  p.  113, 1906. 

'Havelock.  Phil.  Mb(.,  15,  p.  33a,  1908. 
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It  occurred  to  the  writer  that  Roaa'e  extension  of  Maxwell's  formula 
(2)  might  be  confirmed  and  new  terms  deduced  in  the  following  manner. 
This  will  be  especially  valuable,  as  the  confirmation  will  be  by  a  method 
independent  of  both  Maxwell's  and  Rosa's. 

Since  A  ^  a  +  c 

""Ta'  (o  +  c)a  ~  ~^~a+2  "  ^"^  ''"  ^^^  '^  '^  '* 
a 
j4o  -  (a  +  c)a  ■  a*(i  +  <). 

Vli  -  0(1  +  •)*. 

log  —^  -  log         ^  -  log  -  +  log  (I  +  .)*. 

where  c/a  •  «  and  d/a  >  q. 
With  these  substitutioas  Haveloclc's  formula  ($)  becomes 

if.4"{log7((H-0'+^(?'+<')(H-«)-* 

+  i  log  (I +.)  ( (I +.)*+ ^  (n'+^Ki+O-* 

(6) 
-(2(l  +  .)*+^(,;»+^)(H-«)-* 

By  expanding  the  parentheses  (i  +  «)"  by  means  of  the  binomial 
theorem  and  using  the  formula  for  the  k^  (i  +  •)  ~  •  ~  i«*  +  t** 
—  J«*  +  •  •  ■,  all  of  which  are  convergent  for  «  —  c/o  <  i  or  for  c  <  a 
we  have  obtained  an  extension  of  Maxwell's  formula  (2)  up  to  and  includ- 
ing terms  of  the  eighth  degree. 

This  extenmon  confimiB  the  coefficients  of  Rosa  and  Cohen's  extenuoa 
and  may  be  expected  to  give  formulae  on  integration  over  large  cross 

Goot^Ic 
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aecdons,  which  convetige  rapidly  and  are  quite  exact  for  values  of  c  or 
of  d  almost  as  great  as  the  radius  a.    This  formula  is  as  follows 

M  -  4TO Uog  —  1 1  + T~- ^1 h  — ■-  ^~ 

^      I    *  f  \       2a       i6o*  320*  1,024a* 

_  190*  +  30c*(P  -  45cd' 
16 -1280* 

^         89c*  +  45*^*^^  345':*''*  +  ssd* 
1 28V 

_  1096^  -  6$c*tP  -  525c*J*  tI-  iJ5cd* 
2-128*0' 

8,92rc»  -  i3,692c*J'  -  43,oso<:*<f*  +  33,900c*(f*  -  1,575^^ 

2i28'0«  ' 

_(    ,±_  y*-d^  ,  c'-6c<f*      i9g*+534'^'^-93<^* 

^"•"20        l6a'    "''     480*     **"  48-l28a»  (7) 

^  379<*  +  3.030c*<P  -  i.845c<^* 
**  480- 1280* 

2,629c*  +  i2,045c*J  -  I7445f^rf*  +  l.235d* 
30-128*0* 

„,    _  27.833^^  +  7i.J69c'fP  -  a25,225c*d*  +  50.575':*'' 
420-i28*a^ 

5.204,309«^  +  5,304,852c'd*  -  45-499-650^*^*  \  l 

^,    ^ +  31.735.700^'^  -  8i8,475d'    L 

840-I28V  /J 


The  terms  marked  A,  B,  C,  A',  B'  and  C  are  the  newly  derived  ones. 
Putting  c  =  o  this  formula  reduces  to  formula  (3)  as  indeed  it  should, 
being  based  upon  it. 

Putting  d  =  o  we  obtain  a  formula  for  the  mutual  inductance  of 
coaxial  circles  in  the  same  plane. 
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„  /,      8fl/    ,    tf    ,     c'         c*     '     17c*  19c* 

p  _i_  ^y      loyy    _g.9?i^ \ 

I28^«         2-I28V        2-I28'o»  ' 


2+  i.  _  -3^  +  _£L  +      '9^       _  _379c*_ 


(8) 

2c      i6a»  "  480*  '  48-i28a*      480-128(1* 

jy      ,     g.62y*     _    27,833c^        5.304.309^* U 

30-i28*o»      420-r28'fl'      84or28*a»  'i  ' 

the  terms  in  lines  marked  D  and  D'  being  new. 

Tbst  of  the  Formula. 

The  ideal  check  on  the  new  formula  lies,  of  course,  in  its  agreement 
with  its  derivation  by  independent  methods  such  as  those  employed  by 
Maxwell  and  by  Rosa  and  Cohen. 

But  as  these  calculations  were  extremely  laborious  and  the  independent 
derivation  by  any  other  known  method  being  more  so,  we  have  not 
undertaken  to  do  this. 

A  numerical  test  is  however  of  great  value  in  such  a  case  as  this,  for 
although  it  does  not  prove  the  correctness  of  any  formula,  it  makes  its 
essential  correctness  extremely  probable. 

We  have  made  such  a  test  for  a  few  cases  in  which  the  true  values  of  the 
mutual  inductance  were  already  known  or  in  which  they  could  be  calcu- 
lated by  other  absolute  formulce. 

Example  I. — Let  A  ~  25  cm.,  o  ■"  20  cm.,  d  -  10  cm.  (see  Fig,  i). 
The  value  of  the  mutual  inductance  between  these  two  circles  has  been 
calculated  by  Rosa  and  Grover*  by  means  of  Maxwell's  absolute  formula 
(i)  to  be  Jlf  =  248.7875  cm. 

Let  Mn  refer  to  the  value  of  the  mutual  inductance  between  these 
circles  calculated  by  means  of  the  new  formula  (7)  carried  as  far  as  and 
including  terms  of  the  «th  d^ree.  Then  the  following  results  have 
been  obtained. 

(Ron  and  Grover)  Ui too  Uztt  by  i  put  In  1.750. 

(Rom  and  Grover)  Ut  >  348.8006  cm.,  too  l«rie  by  1  put  In  19,000, 
(New  Fonnula)  Itt  -  248.7S»]  cm.,  too  lane  by  I  part  In  125,000, 
(New  ForainU)  If,  -  Z4S.TS65  en.,  too  (mall  by  1  part  in  250.000. 
(New  Fonnnla)       lit  -  24S.TS7T  cm.,  too  large  by  t  part  In  1,250,000.  or  4  parU  In  5  mlU 


1  B«dletlii  Bureau  of  Staodarda.  8,  p.  aa,  example  4-  19I3. 
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The  agreement  is  very  satisfactory  and  the  various  results  show  the 
rapidity  of  the  convergence  of  the  formula. 

The  value  of  M  computed  by  Havelock's  formula  (5)  extended  by 
means  of  the  coefficients  of  formula  (3)  is  for  the  same  case: 

M  =  248.7873  cm. 

We  at  first  thought  that  Mt  should  agree  exactly  with  the  preceding 
value  but  on  conaderation  have  come  to  the  conclusion  that  an  exact 
agreement  is  not  to  be  expected. 

Example  II. — In  order  to  test  the  coefficients  in  formula  (8),  a  special 
case  of  formula  (7)  in  which  d  has  been  put  equal  to  zero,  we  have  cal- 
culated as  follows: 

j4  —  15  cm.,  o  =  10  cm.,  c  =  5  cm,,  d  =  o  cm. 

The  exact  value  of  this  mutual  inductance  was  derived  correct  to  about 
1  part  in  a  million,  by  means  of  the  absolute  formula  of  Maxwell,  employ- 
ing the  tables  of 


^rlil-^)' 


given  in  the  Bulletin  of  the  Bureau  of  Standards. 
Its  value  is 

M  "  162.69605  cm. 

As  before  let  M^  refer  to  the  value  derived  from  (8)  including  terms  of 
the  nth  degree,  then: 

Ml  -  162.6816  cm.;  too  small  by  i  part  in  19,000, 
Mt  -  162.6985  cm,;  too  large  by  i  part  in  75.000, 
Ml  »  163.6943  <^"^-'>  too  small  by  1  part  in  100,000, 
Mt  *  163.6959  c>ii-!  too  small  by  i  part  in  1,000,000. 

This  last  result  checks  as  nearly  as  the  tables  used  will  allow  with  the 
above  value. 

In  both  the  above  numerical  cases,  a  very  precise  value  would  have 
been  obtained  omitting  the  eighth  degree  terms,  if  one  half  or  one  third 
of  the  correction  due  to  the  seventh  degree  terms  had  been  used  instead 
of  its  full  value.  There  would  always  seem  to  be  an  improvement  in 
doing  this  on  account  of  the  oscillatory  character  of  these  correctioiu. 


,7edb,G0tit^[C 
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.    Resuh^;. 

The  important  and  integrable  series  formula  of  Maxwell  for  the  mutual 
inductance  between  two  coaxial  circles  has  been  extended  by  an  inde- 
pendent method  to  include  terms  of  the  eighth  degree.  This  is  amply 
sufficient  for  the  most  precise  calculations,  in  which  c/a  and  d/a  are  not 
too  near  to  unity. 

The  coefficients  of  the  series  including  the  fifth  degree  terms,  as  deter- 
mined  by  another  method  by  Rosa  and  Cohen,  have  been  completely 
verified. 

The  correctness  of  the  new  formula  has  been  tested  by  numerical 
examples  and  has  been  found  to  agree  with  absolute  results  to  at  least 
I  part  in  i  ,000,000,  this  being  the  limit  of  accuracy  of  the  tables  employed 
in  the  calculations. 

DXPAK-IVKNT  or  PSTSICS, 
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THE   SIGNIFICANCE   OF    INTENSITY— SUM    IN    BINAURAL 
LOCALIZATION. 

Bv  G.  W.  SnEWARt. 

TN  the  various  contributions  on  sound  localization,  numerous  references 
-*■  have  been  made  to  the  difference  in  intensities  at  the  ears  as  an 
mportant  factor  in  sound  localizarion.  That  it  is  an  important  factor 
none  can  dispute,  but  there  is  no  evidence  that  it  is  the  most  important 
intensity  factor.  The  object  of  this  paper  is  to  consider  the  sum  of 
intensities  as  a  factor  in  practical  localization.  Obviously  the  relative 
im[>ortan<%  of  these  two  factors  depends  upon  the  conditions  imposed 
in  the  experiments.  If  the  head  and  the  source  of  sound  are  stationary, 
then  the  intensity-difference  and  intenaty-ratio  are  probably  the  only 
intensity  factors.  But  if  the  observer  is  allowed  to  turn  his  head  at  will 
and  if  the  sound  is  of  suflicient  duration,  then  he  has  the  opportunity  of 
comparing  different  intensity-sums  with  different  positions  of  the  head. 

Theory. — In  a  previous  theoretical  investigation'  the  writer  assumed 
that  the  apparent  intensity  of  sound  was  the  sum  of  the  intensities  at  the 
two  ears,  phase  not  being  considered,  and  accordingly  curves  were  plotted 
showing  the  variation  in  this  intensity-sum  with  different  positions  of 
the  head.  The  character  of  the  dependence  of  this  variation  upon  wave- 
length was  so  different  from  that  of  intensity-difference  and  intensity- 
ratio  and  so  unexpected  withal  that  an  experimental  test  was  arranged 
to  show  whether  or  not  the  intensity-sum  is  a  factor  of  importance.  The 
results  of  the  theoretical  investigation  of  intensity-sum  are  reproduced 
in  Fig.  I.  Here  the  ordinates  are  relative  values,  unity  at  o°,  for  the 
in  tensity -sums  with  different  wave-lengths,  and  the  abscissae  give  the 
position  of  the  head,  o"  being  the  position  with  an  ear  toward  the  source, 
90°  the  position  with  the  source  directly  in  front,  and  180°  with  the  other 
ear  toward  the  source.  The  distance  of  the  sound  source  is  477  cm.  In 
the  assumption  involved  in  the  theory,  viz.,  that  the  head  is  a  rigid  sphere 
with  the  ears  diametrically  opposite,  there  is  no  distinction  between 
front  and  rear  and  therefore  the  rotation  of  the  head  from  180°  to  360° 
is  secured  by  duplicating  the  curves  shown  in  Fig.  i. 

The  results  for  wave-lengths  of  240,  120  and  60  cm.  are  not  surprising 
when  one  considers  that  with  the  shorter  wave-lengths  the  head  is  more 

■Stewart.  Phys.  Riv.,  XXXIII.,  No,  6,  Deceml>er.  1911,  p.  467. 
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of  an  obstacle.  That  the  curve  for  30  cm.  did  not  follow  this  general 
trend  was  a  surprise.  A  check  on  these  results  is  obtained  from  the 
results  of  Lord  Raylrigh  for  a  source  at  a  great  distance,  for  the  variation 
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Poaltioii  of  the  Head 
Fig.  I. 

in  intensity  in  the  shadow  of  the  head  with  the  source  at  477  cm.  is  not 
greatly  different  from  that  with  the  source  at  a  great  distance.* 

The  intensity-sums  obtained  from  Lord  Rayleigh's  results  are  repre- 
sented in  the  6gur«  by  dotted  lines.  These  additional  curves  also  indicate 
that  a  curve  obtained  for  a  wave-length  of  6  cm.  would  show  a  greater 
flattening.  More  theoretical  curveg  would  have  been  computed  if  the 
imputations  bad  not  been  very  laborious  or  if  there  had  been  any  doubt 
in  regard  to  the  conclusions  that  can  be  drawn. 

The  intensity-differences  and  intensity-rarios  give  curves  of  a  very 
different  character.  Fig.  2  gives  the  results  of  such  computations, 
utilizing  the  same  values  of  intensities  as  before.  The  meaning  of  0° 
and  that  of  90°  are  the  same  as  before.  It  is  obvious  that  these  two  sets 
of  curves  are  similar  in  that  the  effect  of  changing  the  wave-lei^:tb  is  a 
progresNve  one.  In  this  respect  they  are  not  Uke  the  curves  in  Fig.  i. 
If  the  iotenuty-sum  is  of  practical  importance  in  the  localization  of 
sound,  then  the  observer,  when  facing  the  source  (90°),  should  have  less 
difficulty  in  locating  a  source  of  wave-length  60  cm.  than  one  c&.  wave- 
lei^tb  30  cm.  ix  120  cm.,  for  with  the  first  named  there  is  a  greater  varia- 
tion of  the  intensity-sum  with  a  given  small  rotation  of  the  head,  than 
with  either  the  30  cm.  or  I30  cm.  wave-length.  In  other  words,  when  the 
observer  faces  the  source  of  sound,  a  ^ven  variation  of  intensity-sum  is  ob- 

■  Stewart,  loc.  dt. 
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tained  with  a  less  rotation  of  the  head  in  the  case  of  a  wave-length  of 
60  cm.  The  curves  do  not  show  that  60  cm,  ia  the  "critical "  wave-length. 
Additional  curves  would  need  to  be  plotted  to  get  nearer  the  truth  in 
this  respect.  But  Fig.  i  does  indicate  that  there  is  a  critical  wave-length. 
The  question  to  be  determined  experimentally  is  whether  or  not  this 
theoretical  deduction  can  be  observed  in  practice.  If  it  can  be  observed 
then  the  intensity-sum  must  be  an  import2Lnt  factor  in  practical  sound 
localization.     But  more  than  this.    The  curves  in  Fig.  2  indicate  that 
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Position  of  the  Head 
Fig.  2. 

when  the  observer  faces  the  source  and  rotates  the  head  through  a  small 
angle,  there  ia  the  greatest  change  with  the  smallest  wave-lengtb,  since 
in  each  set  of  curves  the  slope  for  the  30  cm.  curve  is  the  greatest  of  the 
four  at  90°.  It  would  therefore  seem  that  a  search  for  this  critical  wave- 
length indicated  in  Fig.  i  would  determine  whether  or  not  the  intensity- 
sum  theory  is  of  greater  importance  under  usual  circumstances  than 
either  the  intensity-difference  or  intensity-ratio  theory.  It  seems  to  be 
a  matter  of  common  experience  that  very  low  or  very  high  pitch  tones 
are  the  most  difficult  to  locate,  but  this  is  not  sufficient  to  prove  the  point. 

Experiment. — In  a  room  with  reflecting  walls  sound  localization  be- 
comes a  very  complex  problem.  Experiments  in  the  open  air  without 
reflecting  surfaces  are  practically  impossible.  The  results  here  recorded 
were  obtained  upon  an  open  piece  of  ground  thickly  covered  with  grass. 
The  sources  of  sound  were  tuning  forks  mounted  upon  resonators.  No 
accurate  measure  of  ability  to  localize  was  sought.  The  degrees  of 
ability  were  graded  in  an  arbitrary  -manner. 

Any  of  the  observers  could  without  difficulty  point  directly  to  the 
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wurce  of  sound,  so  readily  were  all  the  tones  localized.  When  the 
obeerver,  facing  the  source  of  sound  477  cm.  distant,  was  asked  to  rotate 
his  head  back  and  forth  and  to  indicate  with  a  large  pair  of  dividers  the 
angle  within  which  the  sound  seemed  to  be  located  with  certainty,  he 
found  no  serious  difficulty  in  reaching  a  conclusion.  The  observer  made 
his  adjustment  of  the  dividers  with  his  eyes  closed  and  the  distance  be- 
tween the  [>oints  of  the  dividers  was  taken  as  a  measure  of  the  angle 
within  which  the  sound  was  definitely  located.  The  angle  varied  with 
different  tones.     The  results  obtained  are  presented  in  Fig.  3. 


Log  of  Frequencies 
Fig.  3. 


Nine  forks  were  used  and  any  order  of  presentation  was  carefully 
avoided.  The  results  are  averages  of  several  observations  for  each 
fork.  The  observations  of  the  first  three  are  satisfactory.  The  observa- 
tions of  the  fourth  set,  E.  O.  D.,  were  taken  upon  windy  days  and  were 
not  satisfactory  to  the  observer.  The  full  line  and  the  dotted  line 
represent  the  results  of  experiments  on  different  days.  The  fifth  ob- 
server was  partially  deaf  in  one  ear.  In  this  case  the  curve  shown  is  not 
obtained  from  a  large  number  of  observations  but  indicates  in  a  general 
way  the  irregularity  of  his  observations.  The  curve  strengthens  rather 
than  weakens  the  a)nclu3ions  derived  from  the  other  curves.    The 
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existence  of  a  minimum  is  obvious  for  the  percentage  change  in  the  arbi- 
trary measure  of  angle  of  localization  is  very  great.  In  fact  in  some  cases 
the  change  is  loo  per  cent,  of  the  minimum. 

Although  the  experiments  are  somewhat  crude  and  should  be  carried 
out  with  greater  degree  of  accuracy,  the  results  are  unmistakaUe.  The 
curves  show  that  the  frequency  512  to  640  is  localized  with  the  greatest 
accuracy,  a  confirmation  of  the  theoretical  deductions  based  upon  the 
inten»ty-sum  as  a  factor.  That  is,  there  is  a  critical  wavC'length  in  the 
neighborhood  of  60  cm.,  frequencies  513  to  640.  An  inspection  of  the 
curves  for  intensity-differences  and  intensity-ratios  shows  that  neither 
of  these  possible  factors  furnish  an  explanation  of  the  experimental 
results,  that  indeed  they  would  point  toward  very  different  results.  The 
conclusion  is  that  the  intensity-sura  is  an  im[>ortant  factor  in  practical 
localization  where  the  observer  can  and  does  rotate  the  head  in  the  inter- 
val of  the  sound  duration.  Indeed,  the  confirmation  is  so  definite  that 
one  is  inclined  to  believe  that,  in  practical  localization,  the  intensity-sum 
is  the  most  important  intensity  factor. 
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St  G.  K.  BuKcns  and  R.  G.  W*i.tB)nBBG. 

THE  micropyrometer*  has  been  used  for  the  «xact  date  r  mi  nation  of  th« 
melting  points  of  the  chemical  elements  of  atomic  weight  from'  48  to 
59,  using  as  calibration  points  Ni  -  1.493,  Pd  •■  1,549  and  Pt  -  1,755.  ^"(1 
the  calibration  equation  of  the  pyrometer  lamp  log  c  —  o  +  ft  log  T,  where 
e  -  current  and  T  -  absolute  temperature.  Using  samples  from  several 
sourcca,  the  following  melting  points  were  obtained  in  hydrogen:  Cobalt,  1,478; 
iroB  (5  samples  of  which  3  electrolytic),  1,533;  manganese,  1,360;  chromium 
1,530;  vanadium,  1,730;  and  titanium,  1,795.  ^^i-  Pc  &iid  Co  were  also 
checked  in  an  Arsem  furnace. 

The  melting  poinU  of  Zr.  Be.  Y,  Er,  B,  Th,  U.  etc.,  are  under  investigation, 
as  also  the  measurement  of  the  emissivities  of  the  various  elements  by  means 
of  the  micropyrometer.  Alloying  is  shown  not  to  affect  the  melting  points 
of  the  metals  except  when  there  is  chemical  combination.  Day  and  Sosman's 
values  for  the  melting  points  of  the  salts:  diopside,  1,391.  and  anorthite,  1,549, 
were  also  confirmed.  Several  hundred  steels  are  also  being  examined.  Some 
of  the  advantages  of  use  of  the  micropyrometer  are  (i)  small  quantity  of 
material  required  (o.ooi  mgr.) ;  (2)  speed,  five  to  twenty  minutes  for  a  melting 
point  determination  at  1,700;  (3)  easy  calibration,  two  points  only  required; 
(4)  great  range  available,  600°  to  3000"  C. 

SouE  Chahactbbistics  of  Total  Radiation  Pyboueters.' 
Bt  G.  K.  Bukcbs  Ain>  P.  D.  Foots. 

ALTHOUGH  the  relation  between  the  energy  emitted  by  a  black  body 
and  its  temperature  follows  the  law  J  ^  aT*,  since  the  fraction  absorbed 
by  the  radiation  pyrometer  is  in  general  not  a  constant  factor  for  all  tempera- 
tures but  rather  of  theform/(r)  we  have  for  this  type  of  pyrometer  an  equation 

■  Abstract  Dt  a  paper  prescDted  at  tbe  Washington  meeting  of  the  Physical  Society,  April 
3  J  and  36,  1913, 

■  "A  MlcropyTometer."  G.  K.  Burgess,  Bull.  Bureau  of  Standards,  0, 475,  1913;  Jl.  Wash- 
Acad.,  3.  7,  1913- 
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which  does  not  necessarily  follow  the  fourth  power  law  but  has  the  form  £— a  7*, 
where  E  is  the  electromotive  force  generated  by  the  therm o-eleme at,  and  a 
and  b  certain  empirical  constants,  b  varying  from  3.5  to  4.2  with  17  iostruments 
tested. 

The  E.M.F.  indicated  by  several  F6ry  total  radiation  pyrometers  showed 
a  marked  lag  effect  due  to  a  slow  headog  of  the  couple.  Frequently,  as  long 
an  exposure  as  ten  minutes  is  required  before  the  maximum  reading  is  attained. 
In  other  cases  the  lag  was  less  than  twenty  seconds.  After  the  maximum 
reading  was  shown,  the  E.M.F.  for  several  instruments  dropped  an  equivalent 
of  10°  C,  during  the  first  ien  minutes  when  ugh  ted  as  a  furnace  at  1300°  C, 
while  other  instruments  maintained  a  constant  value.  This  drop  is  due  to  the 
conduction  of  heat  from  the  hot  to  cold  junction  of  the  thermo-element,  and 
9an  be  easily  minimized  by  increasing  this  distance.  Preliminary  measure- 
ments upon  the  total  emissivity  of  various  substances  met  with  in  industrial 
work  have  shown  that  the  equation 

E-6(lc^5-logD 

is  applicable  where  E  Is  the  total  emissivity,  b  the  exponent  for  the  particular 
radiation  pyrometer  used,  S  the  apparent  temperature  and  T  the  true  tempera- 
ture absolute.  Uung  this  relation,  E  for  iron  oxide  was  found  to  be  0.86,  (or 
nickel  oxide  0.83.  A  slight  indication  of  a  temperature  coefGdent  of  emisdvity 
was  found,  E  increasing  with  temperature,  but  the  variation  was  almost 
within  the  limit  of  errors  of  observation. 
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PHYSICAL  REVIEW. 


A  POROUS  PLUG  METHOD  FOR  THE  MECHANICAL 
EQUIVALENT  OF  HEAT. 

Br  J.  R.  ttoBSUC^c 

OOROUS  plug"  is  the  term  applied  to  experiments  like  those  of 
-^  Joule  and  Thompson,  where  a  fluid  moves  along  a  tube  through 
a  porous  obstruction,  thereby  suffering  changes  in  pressure  and  in 
temperature.  The  initial  and  final  pressures  and  the  initial  temperature 
are  usually  fixed  by  the  experimenter  and  the  final  temperature  allowed 
to  adjust  itself.  In  their  work  as  with  most  of  the  later  workers,  the 
fluid  moved  along  a  tube  past  a  thermometer,  then  through  the  porous 
plug,  across  which  therefore  there  is  a  drop  in  pressure,  and  then  past  a 
second  thermometer.  During  the  passage  through  the  plug  the  total 
energy  does  not  change  but  it  is  redistributed.  In  the  case  of  a  liquid  the 
pressure  does  work  against  friction  in  the  pores,  changing  potential  {PV) 
energy  into  heat,  producing  when  undisturbed  a  rise  in  temperature. 
But  the  process  is  usually  complicated  by  a  change  in  temperature  due 
to  the  change  in  volume  following  the  change  in  pressure.  When  this 
latter  temperature  change  can  be  made  small  and  accurately  measurable 
by  other  means,  the  change  of  mechanical  energy  into  heat  offers  a 
promising  means  for  the  determination  of  the  mechanical  equivalent  of 
heat.  As  compared  with  Rowland's  method  it  has  the  advantages  of 
continuous  flow  experiments  where  states  usually  transitory  become 
steady  ones  and  may  be  investigated  at  leisure. 

Other  observers  have  noted  its  advantages,  among  them  Maxwell 
(Theory  of  Heat)  who  gives  a  mathematical  treatment  of  the  case.  It 
has  even  been  tried  experimentally  but  so  far  as  the  writer  is  aware 
without  publication.  The  unmanageable  radiation  and  conduction 
losses  of  the  forms  of  porous  plugs  hitherto  employed  would  have  pre> 
sented  great  difficulty.  The  actual  measurements  required  are  limited 
to  the  determination  of  a  difference  of  pressure  and  a  difference  of  temper- 
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ature  with  some  definitely  determinable  corrections  which  may  be  made 
small.  The  temperature  difference  across  the  plug  is  independent  of  the 
rate  of  flow  if  there  are  no  heat  losses,  but  depends  upon  the  specific  heat 
of  the  fluid.  A  liquid  of  low  specific  heat  like  mercury  offers  an  advantage 
in  the  lai^er  temperature  difference  obtained,  but  this  is  offset  by  the 
use  of  water  to  define  the  calorie  and  the  accuracy  with  which  the  temper* 
ature  variation  of  the  specific  heat  of  water  is  known.  A  liquid  is  to  be 
preferred  to  a  gas  on  account  of  the  larger  change  in  PF  across  the  plug 
'  due  to  its  small  change  in  volume,  which  latter  also  eliminates  changes  of 
momentum  if  the  cross  sectional  areas  of  flow  past  the  thermometers  are 
similar.  Moreover  the  negative  coefficient  of  expansion  of  water  near 
the  freezing  point  offers  a  means  of  eliminating  experimentally  the  only 
serious  correction.  These  considerations  combined  with  its  cheapness 
and  ready  purification  l^d  to  the  choice  of  water  as  the  working  fluid. 

Theory. 

The  internal  enei^y  of  a  body  is  partly  kinetic  and  partly  potential, 
of  which  only  the  first  part  affects  the  temperature.  Change  in  external 
pressure  on  a  fluid  by  affecting  the  volume  will  usually  cause  a  shift  in 
the  division  of  energy  between  the  two  forms,  thus  producing  a  change  in 
the  temperature.  For  the  use  of  the  porous  plug  process  as  a  method  of 
determining  the  relation  between  the  heat  energy  produced  and  the 
work  done  upon  the  fluid,  it  is  necessary  to  separate  this  temperature 
change  due  to  internal  enei^  rearrangements  on  the  relief  of  pressure, 
from  the  temperature  change  due  to  the  addition  of  energy  in  the  form 
of  work  but  which  appears  in  the  form  of  heat.  This  could  be  most 
directly  accomplished  by  carrying  out  an  adiabatic  free  ex[>ansion  and  a 
porous  plug  experiment  between  the  same  pressure  limits  at  the  same 
initial  temperature.  The  adiabatic  free  expansion  offers  experimental 
difficulties  which  have  been  avoided  by  the  use  of  a  reversible  adiabatic 
expansion.  Tamman's  (Uber  die  Beziehungen  zwischen  den  inneren 
Kr^ften  und  Eigenschaften  der  L5sungen)  work  on  the  reversible  adi- 
abatic expansion  of  water  has  shown  that  by  a  suitable  choice  of  initial 
temperature  and  initial  and  final  pressures,  the  final  temperature  may  be 
made  identical  with  the  initial.  The  employment  of  these  special  con- 
ditions leads  to  a  marked  improvement  in  the  experimental  accuracy  by 
limiting  the  measured  temperature  change  to  almost  exactly  that  due 
to  the  work  done  upon  the  fluid. 

In  the  diagram  let  the  point  A  represent  the  initial  conditions  of 
pressure,  volume,  and  temperature  and  the  point  Cthe  final.  Substitute 
for  the  actual  irreversible  porous  plug  path  AC,  the  reversible  path 
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ABC,  where  AB  U  a  revenible  adiabatic  expansion  and  BC  the  addition 
of  heat  at  constant  pressure.    Then  since  the  final  states  are  the  same, 


For  the  reversible  adiabatic  AB 
{du  +  pdv)  =  o 

du  = 


i 


-  ^(Pfht 


Xdu=  -    i     pdv. 
-B  Jam 

-J    pdv+JjC^-  Pt(vt  -  V,). 


But  as  shown  possible  by  Tamman's  work,  Ti,  pi  and  ft  are  so  chosen 
that  B  is  on  the  same  isothermal  as  A,  that  is  Ti.  For  the  particular 
series  of  experiments  reported  here  vt  and  fj  are  equal  as  determined 
from  the  data  on  the  coefficient  of  expansion  of  water.    Computation 

shows  that  the  term  |  pdv  is  only  about  o.  i  per  cent,  of  the  term  J  j  Cfdt 
so  that 


£ 


pdv=  \i{h  +  Pd(n  -  »,) 


may  be  taken  as  a  sufficiently  close  approximation  especially  in  view  of 
the  small  «ze  and  constancy  of  the  coefficient  of  compression.  So  that 
calling  C  the  mean  value  in  mechanical  units  between  the  temperatures 
7"i  and  Ti,  we  have 


{pivi  —  ptoa)  -  ■ 


■H(^+^i)(«'i-fi)+C(r,- 
C  = 


r.) 


Ap(Pi  +  Vt) 
"       2AT 


which  is  the  expression  used  for  the  reduction  of  the  experimental  data. 
»i  and  Vt  are  the  specific  volumes  of  the  water  at  piTi  and  ptTi  respec- 

Googlc 


82 


/.  R.  ROEBUCK. 


tively,  and  their  values  are  taken  from  Landolt's  tables.  This  leaves 
two  quantities  to  be  measured,  a  difference  of  temperature  and  a  differ- 
ence of  pressure.  Experimentally  this  required  the  careful  regulation  of 
the  initial  temperature  and  the  initial  pressure.  Electrical  resistance 
thermometers  were  chosen  as  probably  the  most  accurate  means  for 
measuring  small  differences  of  temperature  and  similarly  an  open  tube 
mercury  manometer  for  the  pressure  difference.  The  manageable 
mercury  column  limited  the  pressure  difference  to  about  33  kg/cm*  and 
this  in  turn  fixed  the  temperature  difference  at  about  0.76°  C.  under  the 
conditions  used.    The  apfiaratus  is  described  in  the  following  paragraphs. 

Pump. 

As  the  required  condition  of  steady  small  delivery  at  high  pressure 
was  not  found  in  any  commercially  made  pump,  one  was  designed  by 
the  writer  for  this  work  and  was  built  by  Mr.  Foerst,  the  department 
mechanician.  It  is  a  six  plunger-piston  pump,  with  the  cylinders  all 
connected  in  parallel,  and  all  driven  from  a  common  crank  shaft.  The 
circular  spacing  of  the  cranks  is  in  two  groups  of  three  each  spaced  at  I2D° 
with  a  phase  difference  between  the  groups  of  30°.  This  phase  difference 
was  chosen  because  the  theoretical  delivery  of  three  plunger  pistons  set 
at  130°  gives  six  maxima  and  six  minima.  The  second  group  is  thus  so 
set  as  to  give  the  maxima  of  delivery  coinciding  with  the  minima  of 
the  first  group.  This  gives  a  theoretical  delivery  varying  only  4  per  cent, 
with  a  frequency  of  12  per  revolution.  In  practice  the  setting  of  the 
conical  hard  rubber  valves  and  the  compression  of  the  water  in  the 
cylinders  probably  introduced  greater  variation  than  this,  though  it 
was  smoothed  off  considerably  before  reaching  the  (dug  by  the  elasticity 
of  the  system  of  tubes  and  the  inertia  of  the  water.  A  large  Schaffer 
and  Budenbei^  spring  test  gauge  was  connected  to  the  plug  chamber 
and  under  good  working  conditions  it  showed  nothing  but  a  barely 
readable  variation  per  crank  shaft  cycle.  In  any  case  the  variations 
being  rapidly  cyclic  would  be  integrated  similarly  by  the  thermometer 
and  by  the  manometer.  The  power  was  transmitted  from  the  motor  by 
a  round  belt  to  a  bicycle  wheel  minus  its  rubber  tire  and  from  there 
through  sprocket  wheels  and  a  chain  to  the  crank  stiaft  of  the  pump. 
It  made  a  very  reliable,  cheap,  and  quiet  method  of  speed  reduction. 

Pressure  Regulator. 

The  pressure  was  controlled  by  regulating  the  speed  of  the  D.  C. 

shunt  wound  motor  driving  the  pump.    The  apparatus  is  shown  in 

diagram  in  Fig.  I.    An  accurately  ground  glass-hard  steel  piston  rod 
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Fig.  1. 


stands  vertically  in  a  leather>packed  stuffing  box  in  a  heavy  steel  cylinder 
which  is  connected  at  its  lower  end  directly  to  the  plug  chamber  while 
at  the  stuffing  box  end  it  is  filled  with  castor  oil.  This  piston  rod  is 
arranged  to  rotate  without  rotating  the  load 
of  sand  and  the  latter  is  hung  on  gimbals  to 
keep  it  centered.  The  piston  is  driven  by  a 
round  belt  from  a  parallel  cylinder  thus 
avoiding  any  component  of  the  belt  tension 
along  its  axis.  To  the  load  tank  are  at- 
tached 10  loops  of  high  resistance  wire  con- 
nected in  series  with  the  armature  of  the  mo- 
tor. These  loops  dip  into  tubes  filled  with 
mercury  and  are  supported  independently  of 
the  tank.  If  the  delivery  of  the  pump  was 
too  great  the  piston  rose,  throwing  resistance 
into  the  armature  circuit  and  slowing  the 
motor  till  the  speed  fell  to  the  required  de- 
livery. While  the  piston  was  rising  or  fall- 
ing  with  noticeable  speed  the  pressure  rose 
or  fell  slightly.  Careful  tests  showed  that 
the  pressure  was  identical  whether  the  piston 
came  to  position  from  above  or  below.  During  the  readings  the  condi- 
tions were  so  steady  that  the  piston  did  not  shift  more  than  a  centime- 
ter or  two  an  hour  and  this  shift  was  always  a  rise  due  to  the  slow 
■clogging  of  the  porous  plug. 

Manometer. 
A  mercury  in  glass^  open-tube  manometer  was  built  following  closely 
the  design  of  Kammeriing  Onnes*  except  that  water  was  used  to  separate 
the  mercury  surfaces,*  and  that  the  cathetometer  arrangements  were 
different.  The  general  plan  is  a  set  of  U-tubes  connected  in  series,  the 
lower  halves  filled  with  mercury  and  the  upper  with  water.  The  mercury 
was  carefully  purified,  and  distilled  water  used  both  here  and  in  the  flow 
work.  The  difference  in  level  of  the  mercury  surfaces  in  each  of  the  series 
of  eight  U-tubes  was  read  on  an  invar  tape  suspended  on  a  track  just  in 
front  of  the  tubes.  It  was  kept  vertical  and  straight  by  a  weight,  which 
dipping  in  oil  damped  the  swinging.  The  tape  was  divided  accurately 
into  millimeters  on  the  department  dividing  engine  by  scratching  in  wax 

■  Physical  Rcvtsw.  aS,  364.  1909. 

■  Proc.  Anuterdam  Acad.,  i,  ai3,  1S98  and  8,  75,  1905. 

■  Cf.  Thieaen,  Zdt.  t.  luUnmentkande.  p.  114,  tSSi. 
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and  etching  in  acid.  This  division  was  compared  on  a  Geneva  (xim- 
parator  with  the  standard  invar  meter  bar  just  returned  from  the  Bureau 
of  Standards;  the  correction  was  small,  13  parts  per  100,000  and  constant 
over  the  tape.  For  making  the  readings  Professor  Mendeohall  suggested 
the  use  of  two  mirrors  set  at  45°  to  the  vertical  to  avoid  the  difficulty  of 
getting  in  line  with  the  mercury  surfaces  near  the  ceiling  or  near  the 
floor.  Optical  mirrors  were  required  and  they  were  carried  on  sliding 
supports  on  a  steel  bar  set  in  bearings  in  the  ceiling  and  floor.  The 
central  mirror  rotated  about  a  horizontal  axis  to  reflect  the  image  from 
either  the  upper  or  lower  mirror  into  the  telescope  placed  just  behind  it. 
All  the  supports  were  provided  with  the  necessary  motions  and  carefully 
adjusted.  The  base  of  the  pillar  was  carried  on  the  end  of  a  millimeter 
micrometer  screw  provided  with  gear  for  adjusting  by  the  operator  in  a 
standing  position.  Readings  were  made  by  moving  the  tape  near  to 
the  tube,  setting  the  cross  hairs  on  the  mercury  meniscus,  rotating  the 
pillar  till  the  tape  replaced  the  mercury  in  the  field,  reading  to  the  nearest 
millimeter  on  the  tape  and  the  fraction  of  the  millimeter  by  shifting  the 
pillar  with  the  micrometer  screw.  The  temperature  of  the  mercury 
columns  was  determined  by  five  thermometers  hung  in  the  manometer 
case.  The  large  temperature  difference  between  ceiling  and  floor  oanirrii^ 
in  a  steam-heated  room  was  reduced  to  about  a  degree  by  a  fan-driven 
circulating  system  carrying  the  hotter  air  from  the  top  and  delivering 
it  at  the  bottom  of  the  case. 

The  manometer  was  tested  by  adjusting  the  levels  to  balance  the 
pressure  due  to  the  loaded  regulator,  then  the  load  was  increased  or 
decreased  for  a  short  time  and  replaced  at  its  old  value.  The  mercury 
meniscus  always  returned  to  its  previous  position  to  a  part  in  10,000  of 
the  total  mercury  column.  The  actual  pressure  given  by  the  regulator 
was  dependent  on  the  temperature  of  the  steel  piston  and  on  the  hygro- 
scopic condition  of  the  wooden  base  of  the  load  tank  so  that  it  varied 
from  time  to  time.  Where  more  than  one  setting  was  made  on  the  same 
day,  the  readii^  rarely  differed  by  o.i  per  cent. 

Thermostat  Tank  and  Plug. 
The  water  delivered  under  steady  pressure  by  the  pump  was  led  through 
20  meters  of  copper  tubing  immersed  in  a  large  tank  of  water,  the  details 
of  which  are  shown  in  Fig.  3.  The  tank  had  a  separate  inner  compart- 
ment also  stirred  but  containing  no  heater.  The  temperature  was 
controlled  by  a  large  toluene  thermostat  provided  with  a  Gowy  regulator, 
which  th'rew  a  heating  current  on  and  off  8  jz-c.-p.  lamps.    The  Gowy* 
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regulator  connsts  of  an  excentric  for  moving  the  mercury  contact  maker 
up  and  down  1-2  mm.  in  the  thennoBtat  capillary  with  a  period  of  from 
15-30  Bea)nds.  The  result  is  that  the  mercury  surface  sets  itself  in  the 
capillary  so  that  the  fraction  of  the  period  for  which  the  heating  current 


Fig.  2. 

is  on  the  lamps  is  sufhdent  to  maintain  the  temperature  constant.  This 
eliminates  most  successfully  alt  the  "hunting  "  of  the  ordinary  thermostat, 
making  it  unnecessary  for  any  appreciable  quantity  of  heat  to  flow  into 
or  out  of  the  thermostat  bulb.  It  was  found  possible  to  hold  the  temper- 
ature of  the  plug  chamber  constant  to  3-3  ten-thousandths  of  a  degree 
for  an  hour  or  more.  For  reasons  to  be  given  later  it  was  advantageous 
to  work  between  3^  C.  and  4°  C.  and  to  this  end  the  main  bath  was 
surrounded  by  another  forming  an  annular  space  which  was  filled  with 
ice  and  water.  This  was  protected  again  by  a  box  with  sawdust  insu- 
lation and  the  temperature  could  be  readily  maintained  anywhere  between 
1.5°  C.  and  5°  C. 

Placed  axially  in  the  center  of  the  set  of  tanks  was  a  steel  cylinder 
containing  the  thermometers  and  the  plug.  The  water  entered  this  tube 
from  the  copper  tube  at  the  lower  end,  passed  spirally  about  the  coil 
part  of  the  platinum  thermometer,  radially  through  the  plug,  spirally 
about  the  second  thermometer,  and  on  to  the  reservoir  above  the  pump. 
From  this  steel  tube  small  copper  tubes  led  the  pressure  to  the  regulator 
and  to  the  upper  and  lower  sides  of  the  manometer.  The  arrangements 
inside  the  plug  are  shown  in  Fig.  3.  The  plug  itself  was  made  of  porous 
porcelain  tubing,  some  with  round  porous  ends  and  others  with  flat 
non[M}rous  ends.     The  theory  of  such  a  parous  plug  is  discussed  in  an 
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earlier  paper  by  E^rl  S.  Burnett  and  the  author.'  Since  this  paper 
appeared  my  attention  has  been  called  to  the  fact  that  Regnault  used 
such  ^  porous  plug,  which  was  not  known  to  us  at  the  time.  Regnault 
however  says  nothing  about  its  protective  features  but  discarded  the 
arrangement  and  regretted  the  time  put  upon  it.     In  the  present  case 

^^^^^^ 

Fig.  3. 

the  water  passes  through  the  plug  wall  with  a  rise  of  temperature.  Con- 
duction losses  might  take  place  through  the  walls  or  through  its  support. 
In  the  former  case  the  heat  could  only  escape  to  the  liquid  just  entering 
the  wall  and  hence  such  conductivity  could  not  be  the  cause  of  any 
continuous  heat  loss.  Radiation  might  produce  a  continuous  loss  if 
the  walls  of  the  plug  were  at  a  different  temperature  from  the  walls  of 
the  container.  In  cases  like  this  where  the  temperature  gradient  is 
opposed  to  the  flow  of  the  fluid,  conductivity  outward  will  be  opposed 
by  the  flow,  and  the  result  will  be  a  slight  displacement  outward  of  the 
temperature  distribution.  With  sufficient  flow  the  rise  of  temperature 
of  the  outer  surface  will  be  negligible.  This  can  be  rendered  still  more 
certain  by  providing  a  layer  on  the  outside  of  the  plug  nonconducting 
and  sufficiently  porous  to  cause  no  appreciable  pressure  drop.  This  was 
the  more  necessary  in  the  present  case  as  the  pores  of  the  porcelain  filled 
slowly  with  a  deposit  even  though  pure  distilled  water  was  used,  and 
consequently  a  large  part  of  the  pressure  drop  took  place  close  to  the 
outside  of  the  plug  wall.  To  provide  this  layer  and  also  to  lessen  the 
clo^ng  of  the  wall,  the  outside  of  the  plug  was  always  covered  with 
8  or  ID  layers  of  filter  paper  and  4  or  5  layers  of  cotton  cloth.  That  is 
to  say  with  suitable  conditions  heat  losses  through  the  plug  are  zero, 
since  the  outside  surface  is  at  the  temperature  of  the  bath.  Any  effect 
on  the  readings  of  heat  losses  through  the  support  of  the  plug  was  pre- 
vented by  not  allowing  the  water  which  passes  close  to  the  support  to 
approach  the  bulb  of  the  thermometer,  which  was  accomplished  by  divid- 
ing the  flow  as  indicated  by  the  arrows  in  the  figure.  The  effectiveness 
of  the  protection  from  heat  losses  is  proved  by  the  lack  of  systematic 
variation  of  the  value  of  the  mechanical  equivalent  with  different  rates 
of  flow  through  the  plug. 
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Early  in  the  work  it  pro"ed  necessary  to  make  the  water  flow  similarly 
and  spirally  around  the  coil  of  each  thermometer.  This  is  probably  due 
to  email  variations  in  the  temperature  at  different  points  in  the  cross 
section  of  the  flow,  due  to  the  fact  that  the  center  of  the  stream  is  farthest 
from  the  bath  water  and  flows  fastest.  This  was  unexpected  since 
stream-line  motion  breaks  down  at  lesser  velocities  than  those  used  in 
the  copper  tubing.  Barnes'  found  the  same  thing  in  his  work.  Arranging 
the  flow  spirally  mixes  it  by  the  swirling  motion  and  gives  an  average 
temperature  reading.  Following  the  use  of  this  the  readings  became 
much  more  consistent.  The  spiral  was  made  of  a  small  size  rubber  tubing 
held  in  place  by  a  wire  threaded  through  it  and  soldered  at  the  ends  to 
the  thermometer  case.  It  also  made  necessary  the  glass  return  flow 
tube  inside  the  plug.  The  course  of  the  water  is  shown  by  the  arrows  in 
the  figure. 

For  solutions  passing  through  a  porous  wall  various  observers'  have 
noted  a  semipermeable  wall  effect,  that  is  the  dissolved  substance  is  held 
back  somewhat  by  the  wall  so  that  the  solution  escaping  would  have  a 
lower  concentration  than  that  just  at  the  wall.  This  mechanically 
forced  dilution  of  the  solution  requires  work.  After  a  steady  state  has 
been  reached  the  fluid  passing  both  thermometers  will  be  alike  in  con< 
centration  of  impurities  and  if  the  passing  of  the  fluid  into  and  out  of 
the  more  concentrated  zone  takes  place  adiabatically  the  resultant  work 
required  will  be  zero.  In  case  the  distilled  water  has  enough  impurides 
present  to  show  this  effect,  these  changes  must  have  taken  place  within 
the  filter  paper  layer  where  their  resultant  effect  will  be  zero. 

It  has  long  been  known  that  a  liquid  driven  through  a  capillary  in  a 
nonconducting  material  results  in  a  difference  of  electrical  potential 
between  the  ends.  In  the  present  case  the  ends  were  short  circuited  by 
the  metal  [»rts  so  that  any  motion  of  charge  was  not  against  a  difference 
of  potential  and  hence  there  was  no  work  involved. 

The  rate  of  flow  through  the  plug  was  measured  by  reading  the  pressure 
drop  between  the  plug  and  the  reservoir  by  mercury  in  a  U-tube.  It  was 
callibrated  by  reading  the  pressure  drops  for  a  set  of  rates  of  flow  where 
these  were  determined  by  measuring  the  delivery  in  a  definite  time.  No 
attempt  was  made  to  read  the  flow  to  better  than  i  per  cent,  accuracy. 

Thekmouetes  Resistance  Box. 

The  resistance  box  was  of  the  regular  equal-arm  Wheatstone  bridge 

type,  with  solder  or  mercury  connections  in  heavy  copper  throughout. 


1  Phil.  TrHu.  Roy.  Soc.,  A,  199.  149.  1903. 
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The  coils  of  mangantn  or  advance  wire,  silk-covered,  were  wound  non- 
inductively  on  metal  spools,  heavily  shellacked,  and  held  at  steam 
temperature  for  days  for  annealing  and  drying.  The  unit  of  re^stance 
was  approximately  J^  ohm.  One  centimeter  of  bridge  wire  corre- 
sponded to  0.002  units.  The  ratio  coils  were  wound  noninductively  and 
together  on  the  same  spindle,  with  the  four  terminals  dipping  in  four 
mercury  cups  so  that  by  lifting  and  rotating  through  a  right  an^e  the 
ratio  coils  could  be  reversed.  Their  ratio  differed  from  unity  by  i  part 
in  30,000  throughout  the  work.  A  mercury  cup  commutator  was  used 
for  making  the  thermometer  connections.  A  removable  coil  with  termi- 
nals in  mercury  cups  served  to  balance  most  of  the  resistance  of  the 
thermometer.  Its  place  could  be  taken  by  a  series  of  coils  approximately 
equal  to  the  box  coils,  whose  use  greatly  facilitated  the  box  callibrations. 
Reference  must  be  made  to  Barnes's  paper  cited  above  for  the  general 
method  of  callibration  of  coils  and  wire.  The  box  was  provided  with 
heating  coil,  stirrer,  and  thermostat,  and  the  temperature  held  at  25"  C. 
during  use. 

Box  Coil  CaiibralioHS. 


DM 

Ko».tj, 

P«b.i>, 

Mar.  >3, 

1911. 

1(11. 

1911. 

Coil. 

I 

1 

3 

4 

:5 

6 

7 

0.0625 

-0.7 

-0.5 

-0.2 

-0.7 

-0.3 

-0.2 

-0.8 

0.125 

-1.6 

-1.7 

-2.S 

-1.7 

-2.0 

-1.5 

-0.9 

0.25 

— 4.S 

-4.2 

-3.9 

-4.6 

-5.3 

-3,2 

-3.5 

O.S 

0.9 

0.5 

1.2 

-0.2 

1.7 

1.9 

1.0 

0.3 

I.O 

0.3 

1.5 

2.4 

2.2 

2.0 

-2,6 

-2.2 

-2.4 

-2.8 

5.7 

0.9 

1.9 

4.0 

-3.7 

-3.6 

-3.7 

-3.9 

10.0 

2.7 

3.1 

8.0 

—3.0 

-6.8 

-7.0 

-9.0 

16.7 

3.4 

-1.1 

16 

-0.2 

0.4 

-3.9 

-1.7 

8.2 

1.2 

28.8 

32 

37.1 

42.4 

36.6 

38.1 

36.3 

49.8 

28.0 

64 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

Tbe  corrections  are  box  units  X  10*. 

The  box  was  callibrated  at  frequent  intervals  and  it  quickly  developed 
that  the  resistances  were  changing  (xintinuously  by  quite  serious  amounts. 
Rosa'  attributes  this  to  the  varying  hygroscopic  condition  of  the  shellac 
resultit^  in  variation  in  strain  on  the  wire.  As  he  recommends,  the 
coils  were  enclosed  in  moisture  tight  containers  which  reduced  but  did 
not  eliminate  the  variations.  Addition  of  scrap  metallic  calcium  to  the 
bath  oil  as  a  water  and  acid  absorbing  agent  did  not  help  materially  nor 
did  omitting  the  shellac  on  some  test  coils.    The  variations  now  however 
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were  of  quite  manageable  size  entering  only  into  the  actual  temperature 
readings  and  hardly  at  all  into  the  differential  readings  used  in  the  work. 
The  callibrations  covering  the  period  of  the  readings  are  given  in  Table  I. 
where  the  numbers  are  the  corrections  in  box  units  times  10*. 

The  galvanometer  was  of  the  Broca  type  with  all  copper  circuit  and 
magnetic  shielding.  It  was  used  only  as  a  zero  instrument.  The 
sen^bility  was  about  10'*°  and  was  kept  sufficiently  hi^  to  allow  of 
setting  with  certainty  to  0.0001°  C.  In  both  callibration  and  use  a 
current  of  about  0.01  ampere  was  kept  flowing  continuously,  and  readings 
were  made  by  reversing  the  current  which  therefore  did  not  vary  the 
slight  heating  effect  and  also  doubled  the  galvanometer  reading.  , 

Thekmometers. 
To  approach  the  desired  accuracy  in  the  temperature  readings  it  was 
necessary  to  read  to  0.0001°  C.  This  made  imperarive  the  use  of  high 
resistance  in  the  thermometers  and  all  those  used  in  the  readings  had 
fundamental  intervals  of  about  25  ohms.  Even  with  line  wire  the 
standard  mica  frame  became  too  bulky  for  the  purpose;  the  meet  satis- 
factory one  found  and  that  used  with  the  platinum  thermometers,  was 
made  by  cutting  a  double  thread  on  a  soapstone  cylinder  and  hardening 
it  by  heating  to  a  white  heat.  It  was  then  wound  so  that  the  wire  fell 
below  the  edge  of  the  thread.  The  four  leads  were  threaded  into  the  end 
of  the  cylinder,  thus  supporting  it,  while  the  thermometer  wire  was  led 
out  through  small  holes  and  silver  soldered  to  the  heavy  platinum 
leads.  These  in  turn  were  silver  soldered  to  the  copper  wire  which  was 
carried  out  of  the  brass  case  through  a  hard  rubber  block  made  right  by 
marine  glue.  Everything  was  repeatedly  tested  for  insulation  which  was 
made  perfect  before  use.  The  case  was  provided  with  an  opening  to  the 
air  through  a  calcium  chloride  tube  and  everything  was  put  tt^ther 
dry.  The  platinum  wire  was  obtained  from  the  Cambridge  Scientific 
Instrument  Co.,  5  meters  of  0.1  mm.  wire  being  used  in  each  thennometer. 
They  were  annealed  at  a  low  red  heat  and  callibrated  at  0°  C,  100°  C. 
and  444.6°  C.  The  ice  point  determinations  were  made  in  a  double  ice 
bath  protected  by  an  air  space  and  asbestos  covering.  Barnes  has 
shown,  and  my  experience  agrees  with  his,  that  the  temperature  of  the 
ice  bath  is  very  distinctiy  a  function  of  the  rate  of  melting.  This  melting 
point  bath  was  arranged  for  a  forced  circulation  down  through  the 
inner  central  cylinder  and  up  the  outer.  In  case  the  stirring  was  stopped 
the  temperature  always  fell  a  small  amount.  The  ice  in  the  inner  com- 
partment melted  very  slowly  so  that  it  appeared  advisable  to  break  the 
ice  fine  and  use  the  inner  tank  unstirred  except  for  shifting  the  thermom- 
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etera  which  produced  usually  a  slight  rise  in  the  temperature  followed 
by  a  fall  close  to  the  former  value.  The  steam  point  was  determined 
in  the  usual  well  protected  steam  bath.  The  pressure  was  read  on  an 
accurate  Fortin  barometer.  Three  groups  of  fundamental  intervals  for 
different  thermometers  are  given  to  show  the  concoFdance  obtained. 


100.695 

104.062 

106.602 

100.7H 

104.073 

106.568 

100.696 

104.072 

100.706 

The  complete  data  for  the  thermometers  a 
farther  on,  is  ^ven  in  the  following  table. 


used  for  the  data  reported 


Thermoueter  Data. 


A 

B 

295.93 
399.88 
103.95 
432.90 
1.748 

0.003S127 

Rm-IU, 

The  sulphur  point  was  taken  as  444.6°  C.  The  numbers  are  in  box 
units,  approximately  )^  ohm.  The  platinum  used  was  part  of  a  sample 
studied  by  the  committee  of  the  British  Association  and  later  taken  over 
by  the  Cambridge  Scientific  Instrument  Co.  They  report  the  delta  as 
1.63.  The  difficulty  over  the  zero  variation  referred  to  below,  led  to  the 
rewinding  of  the  wire  several  times,  which  will  probably  account  for 
the  difference  between  the.two  thermometers  and  also  for  the  variation 
in  the  deltas. 

In  work  with  these  small  temperature  differences  the  greatest  source 
of  uncertainty  of  the  platinum  thermometers  arose  through  the  per- 
sistent and  erratic  shifts  of  zero  resistance.  Since  the  resistance  was 
being  read  to  less  than  a  part  in  a  million  it  was  not  surprising.  In  no 
case  did  the  resistance  return  to  the  former  ice  point  value  after  being  at 
the  steam  temperature.  That  it  was  not  due  to  the  box  coils  is  shown  by 
the  variation  of  the  difference  in  resistance  of  the  two  thermometers  both 
in  the  ice  bath  and  in  the  thermostat  bath.  It  was  often  of  the  order  of 
thousandths  of  a  degree.  As  discovered  later,  part  but  not  all,  was 
due  to  defective  leads  which  changed  their  relative  resistance  when 
moved  about,  but  the  variations  were  also  noted  when  the  leads  were 
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not  disturbed.  It  introduced  a  quite  uncontrollable  factor  into  the 
temperature  readings  and  was  undoubtedly  the  cause  of  some  of  the 
error  in  the  mechanical  equivalent  determinations. 

In  an  effort  to  run  down  the  trouble,  thermometers  were  made  of  fine 
iron  wire,  ^Ik  covered,  and  wound  on  thin  iron  cylinders  as  su^ested 
by  Barnes's  work  with  his  microthermometers.  Their  zeros  were  decidedly 
more  constant  but  much  the  same  erratic  variation  occurred  in  the  values 
of  the  mechanical  equivalent  as  determined  with  them.  These  results 
supported  the  belief  that  the  platinum  thermometers  were  much  more 
reliable  than  had  been  inferred  from  the  mechanical  equivalent  results. 
Further  confirmation  came  from  the  excellent  agreement  between  the 
calculated  and  determined  differential  readings  at  a  series  of  tempera- 
tures near  4°  C. 

Working  Temperature. 

In  the  theoretical  discussion  above,  reference  is  made  to  the  possibility 
of  having  a  zero  change  of  temperature  on  reversible  adiabatic  expan^on 
between  given  pressure  limits  by  a  suitable  choice  of  initial  temperature. 
An  experimental  study  soon  to  be  published  showed  for  the  pressure 
limits  34  kgVcm'  to  i  kg/cm',  that  the  temperature  was  3.59°  C.  Between 
the  limits  3.53°  C.  and  3.65°  C.  the  temperature  change  was  less  than 
0.0001°  C.  and  hence  all  of  the  readings  were  made  with  bath  tempera- 
ture lying  between  these  limits.  The  similar  pressure  limits  were  31.5 
kg/cm*  and  35.5  kg/cm*. 

Experimental  Method, 
The  bath  and  the  resistance  box  were  first  brought  to  the  desired 
temperatures  and  the  thermostats  set  working  steadily.  The  two 
thermometers  were  i^aced  for  their  full  case  lengths  in  the  water  of  the 
bath  with  the  bulb  end  in  the  inner  bath  and  their  difference  of  resistance 
read  with  a  steady  current  till  the  readings  became  constant  for  5  to  10 
minutes.  They  were  then  put  into  their  places  in  the  system  with  as 
litde  exposure  to  room  temperature  as  possible  and  the  pump  started. 
Throwing  this  sudden  change  of  load  on  the  thermostat  upset  its  steady 
working  for  a  few  minutes  but  as  soon  as  the  pump  and  the  supply  tank 
were  cooled  down  somewhat  and  reached  a  steady  state  the  thermostat 
was  back  in  steady  working  order.  The  speed  of  the  pump  was  adjusted 
to  give  nearly  the  flow  required  after  which  the  regulator  held  the  pressure 
constant  while  the  flow  decreased  somewhat  due  to  the  partial  clog^ng 
of  die  plug  by  fine  suspended  material  in  the  water.  This  clogging 
decreased  rapidly  as  the  water  cleared  of  suspended  particles.  The 
pressure  was  then  admitted  very  slowly  to  the  manometer.    If  the  water 


gl  J.  R.  ROEBUCK.  [tew! 

surfaces  were  displaced  rapidly  by  the  mercury,  the  wattir  clung  in  a 
thick  layer  to  the  glass  in  the  capillary  tubes  and  when  the  flow  had 
ceased,  the  water  gathered  together,  making  small  gaps  in  the  mercury 
columns,  which  consequently  had  to  be  carefully  guarded  against.  At 
the  same  time  the  pressure  was  applied,  the  air  circulating  fan  was 
started.  The  compression  of  the  mercury  and  of  the  water,  the  expansion 
of  the  glass,  and  the  admission  of  cold  water  from  the  circulating  system, 
all  tended  to  disturb  the  temperature  conditions  so  that  the  manometer 
was  never  read  till  at  least  half  an  hour  after  the  pressure  was  first  applied. 
During  this  time  the  plug  conditions  and  the  thermostat  were  becoming 
steady.  As  soon  after  this  as  the  plug  temperature  difference  became 
constant  for  5-10  minutes  and  the  manometer  surfaces  showed  no  shift 
for  the  same  time,  the  valve  to  the  manometer  was  shut  down,  the  pump 
stopped,  and  the  reading  of  the  manometer  differences  of  level  carried 
out  as  rapidly  as  possible.  The  readings  were  made  from  the  low  pressure 
surfaces  to  the  high  pressure  surfaces  of  the  eight  tubes,  reading  the 
temperature  on  the  five  case  thermometers  during  the  process,  and  the 
setting  on  the  first  tube  was  repeated.  It  sometimes  showed  a  rise  and 
sometimes  a  fall  of  the  higher  surface,  never  more  than  a  millimeter 
either  way,  and  was  as  small  as  could  be  expected  considering  the  way 
the  tape  was  carried  on  the  sliding  support  and  also  considering  the  way 
the  temperature  of  the  water  and  the  mercury  could  have  varied.  The 
manometer  did  not  leak  as  shown  by  leaving  the  pressure  on  it  for  hours 
or  a  small  pressure  for  days.  At  the  completion  of  the  manometer 
settings  requiring  about  25  minutes,  in  the  later  readings  when  experi- 
ence had  shown  it  to  be  advisable,  the  thermometers  were  replaced  in 
the  inner  bath  and  the  difference  of  their  resistances  again  determined. 
In  the  earlier  readings  with  the  platinum  thermometers  this  difference 
in  their  resistances  was  determined  before  or  after  the  plug  reading,  and 
differed  so  markedly  from  day  to  day  that  a  part  of  the  variation  of  the 
results  is  to  be  attributed  to  this  cause. 

In  the  only  group  of  readings  con^dered  of  suflident  accuracy  to  report 
in  detail  the  procedure  was  varied  somewhat  to  avoid  the  necessity  of 
comparing  the  thermometers  at  the  bath  temperature.  A  determination 
of  the  flow  difference  of  temperature  was  made  and  the  manometer  read, 
the  thermometers  were  then  reversed  in  position  and  both  readings 
repeated.  The  mechanical  equivalent  (C)  calculated  from  the  sum  of 
these  differences  of  temperature  and  differences  of  pressure  eliminated 
the  determination  of  the  difference  of  resistance  at  the  same  temperature 
and  all  that  was  required  of  this  difference  of  re»6tance  was  that  it  should 
remain  constant  during  the  pair  of  readings.  The  complete  set  made 
in  this  way  is  reported.  ~0(lo|i^ 
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t™p. 

now. 

C 

P*rC«ni. 

65,808 

1.5281 

3.556 

675 

4.2081 

-0.0* 

«5,44« 

1.5187 

3.570 

1,425 

4.2123 

+0.06 

65.572 

1.5230 

3.550 

1.175 

4.2086 

-0.03 

65,706 

1.5272 

3.551 

1,080 

4.2057 

-0.10 

65,669 

1.5259 

3.550 

1,025 

4.2069 

-0.07 

65.683 

1.5279 

3.SS0 

980 

4.1027 

-0.17 

65.812 

1.5295 

3.537 

770 

4.2065 

-0.08 

6^,867 

1.5313 

3.537 

650 

4.2051 

-O.ll 

65,871 

1.5290 

3.535 

400 

4.2127 

+0.04 

10 

65,559 

1.5196 

3.571 

1.240 

4.2156 

+0.17 

11 

65,«0 

1.5193 

3.S57 

w™ 

4.2116 

+0.05 

12 

65,464 

1.5156 

3.S57 

1,370 

4.2221 

+0.29 

1 

Avera(E« 

4.2099 

In  the  above  the  pressure  is  exfiressed  in  kg/cm',  the  temperature  in 
d^rees  centigrade,  the  flow  in  c.c./min.,  and  C  in  joules/calorie  in  terms 
of  the  calorie  at  the  average  temperature  3.99°  C.  In  the  calculations  of 
these  readings  the  density  of  the  water  and  of  the  mercury  at  the  average 
temperature  is  taken  from  the  tables  of  Landolt-Bomstein,  as  is  also  the 
specific  volume  of  the  water  and  the  coefficients  of  compressibility.  The 
small  correction  for  the  error  of  the  tape  was  applied,  but  no  correction 
for  the  temperature  since  the  coefficient  of  expansion  is  so  small.  The 
value  of  gravity  used,  980.36  cm/sec*  was  that  determined  by  E.  Smith.' 

In  the  above  table  all  the  readings  except  the  last  (No.  13)  were  made 
with  the  same  plug  having  a  round  porous  end,  but  the  flow  arrange- 
ments differed  slightly  at  different  times,  since  it  was  necessary  to  dis- 
mount the  plug  to  clean  it  and  the  flow  guides  could  not  be  replaced  in 
identically  the  same  way.  The  rate  of  flow  varies  markedly  but  the 
value  of  the  mechanical  equivalent  shows  no  systematic  variation  with  it. 
This  proves  the  above  theory  of  this  form  of  porous  plug  at  least  to  the 
accuracy  here  shown.  It  also  shows  that  water  takes  a  very  short  time 
to  attain  its  equilibrium  condition  after  the  removal  of  pressure  which  was 
not  by  any  means  to  be  confidently  expected.  The  average  of  the  whole 
set  unweighted  is  4.3099.  The  last  reading  was  made  with  a  plug  with 
a  metal  (non-porous)  end  and  although  it  was  well  covered  there  was 
undoubtedly  some  heat  loss  and  the  value  of  C  would  be  too  high.  If 
this  is  omitted  the  average  becomes  4.3087,  while  Barnes's  value  for  this 
temperature  is  4.3078.  Barnes's  method  is  so  different  from  the  present 
one,  that  this  agreement  (o.  03  per  cent.)  gives  ground  for  the  belief  that 
systematic  errors  are  fairly  well  eliminated  and  that  those  remaining  are 
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largely  chance  errors  of  individual  readings  which  will  average  out  more 
or  less  completely.  On  account  of  the  unusual  working  temperature 
direct  comparison  with  other  worker's  data  does  not  seem  profitable  at 
this  time. 

The  probable  sources  of  uncertainty  are  of  some  interest.  The  regu- 
lation of  both  temperature  and  pressure  left  nothing  to  be  de«red.  The 
most  serious  known  source  lay  in  the  uncertain  variation  of  the  differ- 
ential resistance  of  the  platinum  thermometers.  All  the  experimental 
evidence  indicates  that  the  manometer  recorded  pressure  to  the  desired 
accuracy,  and  the  only  further  confirmation  would  be  to  test  its  repro- 
ducibility by  means  of  some  reliable  constant  pressure.  The  change 
produced  by  placing  the  flow  guides  around  the  thermometers  leaves 
some  doubt  as  to  whether  error  due  to  irregularity  of  flow  has  been 
absolutely  eliminated.  It  is  the  writer's  belief  that  the  data  presented 
in  this  paper,  while  the  result  of  several  years  work,  is  not  yet  as  con- 
sistent as  the  method  can  be  made  to  yield;  and  it  is  his  intention  to 
return  to  the  work  again  as  soon  as  circumstances  allow. 

My  thanks  are  due  to  Professor  Snow  and  to  Professor  Mendenhall 
for  placing  the  laboratory  facilities  at  my  disposal  for  the  work,  and  to 
Professor  Mendenhall  also  for  his  very  valuable  criticism  of  the  manu- 
script. 

DkPABTHBNT  op   PBVStCS. 

Univbrsttv  op  Wisconsin, 
January,  1913. 
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A  STUDY  OF  SOME  CHANGES  IN  THE  AIR-UQUID 
CONTACT  POTENTIAL  DIFFERENCE. 

Bv  G.  W.  Mwrirr. 

IN  spite  of  the  fact  that  much  work  has  been  done  on  the  investigation 
of  contact  potential  diflFerencea  very  little  can  yet  be  said  with 
certainty,  except  in  the  case  of  metals,  concerning  either  the  nature  or 
the  magnitudes  of  the  potential  diflFerences  between  different  substances 
in  contact.  The  early  investigators  were  handicapped  by  apparatus  of 
low  sensitiveness  and  in  some  cases  by  a  preconceived  and  decided 
notion  of  the  phenomenon  under  investigation.  In  fact,  the  history  of 
the  subject  presents  to  us  a  long  series  of  lengthy  wordy  arguments 
between  the  exponents  of  the  electrochemical  theory  and  those  of  the 
contact  theory.  Often  there  is  little  experimental  foundation  for  the 
conclusionB  reached,  direct  experimental  results  being  discordant  seem- 
ingly from  the  very  nature  of  the  phenomenon.  And  yet  we  find  instances 
where  results  are  given  to  the  fourth  decimal  place  when  the  apparatus 
was  inaccurate  in  the  third  place  and  the  observed  quantity  varied  in  the 
second  place. 

The  greater  part  of  the  time  and  thought  of  investigators  in  contact 
electricity  has  been  directed  toward  the  solution  of  the  problem  for 
metals.  Nevertheless  we  find  at  an  early  date  a  few  investigators  who 
did  very  good  work  in  pioneering  the  difficult  problem  of  metal-liquid 
and  liquid-liquid  contact  potential  differences.  We  find  that  Volta, 
Davy,  Buff,  Becquerel,  Pfaff,  P^let,  Kohlrausch,  Hankel,  Gerland, 
Clifton,  Ayrton  and  Perry,  and  others  have  made  experiments  using 
various  inductive  methods. 

As  early  as  1807  Davy,'  in  a  paper  entitled  "Some  Chemical  Effects 
of  Electricity,"  describes  some  condenser  experiments  which  he  had  made 
using  various  liquids. 

In  1824  Becquerel*  attempted  the  investigation  of  metal-liquid  contact 
potential  differences.  He  placed  the  liquid  in  a  metal  vessel  which  stood 
on  the  upper  plate  of  a  condenser  connected  to  an  electroscope,  and  con- 
nected the  liquid  to  the  oindenser  with  his  fingers.  He  tried  merely  to 
find  the  sign  of  the  electrification. 


1  Ann.  de  Cbim.  (I).  LXIII..  p.  330. 1807- 

•  Attn,  de  Cbim.  et  de  Ph]^.  XXV.,  p.  405, 1834. 
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BufP  made  the  lower  plate  of  his  condenser  of  the  metal  to  be  examined. 
Above  it  he  placed  a  sheet  of  glass  and  on  the  g^ass  a  piece  of  filter  paper 
soaked  in  the  liquid.  He  connected  the  moist  filter  paper  to  the  metal 
plate  by  means  of  a  wire  of  the  same  metal. 

Kohlrausch*  made  some  experiments  on  the  difference  of  potential 
of  liquids  in  contact.  He  too  used  filter  paper  wet  with  the  liquids  as 
his  condenser  plates.  For  this  reason,  as  we  shall  see  later,  we  cannot 
give  much  weight  to  his  results. 

Hankel*  used  a  modified  Kohlrausch  method  and  investigated  metal- 
liquid  potential  differences  without  introducting  blotting  paper,  fingers, 
or  glass,  as  the  earlier  experimenters  had  done.  He  employed  a  wide 
funnel  connected  by  a  tube  to  a  small  cup.  The  vessel  was  filled  level 
full  of  the  liquid  and  the  metal  electrode  was  placed  in  the  cup.  Imme- 
diately above  the  liquid  in  the  funnel  was  a  copper  plate.  This  plate 
was  put  in  metallic  contact  with  the  electrode,  then  insulated,  lifted,  and 
connected  to  a  Hankel  electrometer.  A  zinc  plate  was  then  substituted 
for  the  liquid  and  the  experiment  was  repeated.  The  metal-liquid  poten* 
tial  difference  was  then  deduced  in  terms  of  the  contact  potential  differ- 
ence between  anc  and  copper.  Air-liquid  contacts  were  neglected 
throughout  the  work.  The  observed  values  were  found  to  vary  con- 
siderably: for  instance,  freshly  polished  copper  and  water  gave  values 
from  0.09  to  —  0.1 1  Zn/Cu. 

Clifton*  used  a  quadrant  electrometer,  one  pair  of  quadrants  connected 
to  the  upper  condenser  plate,  the  other  pair  to  the  lower  plate.  The 
upper  plate  was  of  the  metal  under  observation.  On  the  lower  plate 
was  placed  a  dish  of  the  liquid  to  be  used  and  an  electrode  of  the  same 
metal  as  the  upper  plate  dipped  into  the  liquid  and  made  metallic  contact 
with  the  lower  plate.  A  means  of  chai^ng  the  quadrants  and  the  con- 
nected condenser  to  any  desired  potential  difference  was  supplied  through 
a  key  which  could  also  serve  to  bring  the  quadrants  to  the  same  potential. 

He  assumed  that  the  surface  condition  of  his  condenser  plate  was  a 
constant  and  made  no  mention  of  the  possible  existence  of  a  potential 
difference  at  the  air-liquid  contact.  His  results  are  referred  to  Zn/Cu, 
which  he  seemed  to  think  was  more  constant  than  a  Darnell  or  a  Clark 
cell.  He  gave  it  as  0.8516  volt,  but  it  is  to  be  noticed  that  separate 
determinations  disagreed  in  the  second  decimal  place.  He  also  gives 
potential  digrams  of  various  voltaic  circuits.  These  diagrams  are  apt 
to  prove  misleading,  however,  because  the  magnitudes  of  the  different 

I  Ann.  d.  Cbem.  n.  Pharm.,  XLII.,  p.  5,  1841;  XLV.,  p.  137,  1S44. 
>  PoEg.  Ann..  LXXVI.,  p.  100,  iSso. 

•  POKC-  Ann..  CXXVt..  p.  186. 

•  Proe.  Roy.  Soc..  XXVI..  p.  399.  i877- 
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potential  differences  in  the  circuit,  to  say  nothing  of  their  signs,  are  as 
yet  wholly  undetemuned. 

A  most  thorough  and  comprehensive  investigation  of  contact  potential 
differences  with  liquids  was  begun  in  1876  by  Ayrton*  and  Perry  in 
Japan.  They  devised  an  ingenious  method  but  the  apparatus  required 
was  ponderous  and  cumbersome.  With  it  they  made  a  great  many 
determinations  of  metal-metal,  metal-liquid,  and  liquid-liquid  potential 
differences.    The  principle  of  their  method  was  as  follows: 

"Let  3  and  4  be  two  insulated  gilt  brass  plates  connected  with  the 
electrodes  of  a  delicate  quadrant  electrometer.  Let  i  under  3  and  3 
under  4  be  the  surfaces  whose  contact  potential  is  to  be  measured. 
3  and  4  are  first  connected  tc^ether  and  then  insulated,  but  remain 
connected  to  their  respective  electrometer  quadrants.  Now  i  and  2 
are  made  to  change  places  with  one  another,  i  being  now  under  4  and  2 
under  3,  then  the  deflection  of  the  electrometer  will  give  a  measure  of  the 
difference  of  potential  between  1  and  2." 

The  experimental  difficulties  encountered  in  interchangii^  I  and  2  and 
still  preserving  the  necessary  constant  capacity  relations,  especially  when 
one  or  both  surfaces  were  liquids,  will  be  at  once  realized. 

In  their  measurements  no  account  is  taken  of  air-metal  contacts,  and 
air-liquid  contacts  were  considered  negligible,  if  they  had  any  influence 
at  all.  Before  they  finished  their  work,  however,  their  views  underwent 
a  change  and  in  their  last  paper  they  clearly  state  that  their  experiments 
leave  the  question  of  atr-Iiquid  contacts  undecided.  If  1  and  2  were  two 
liquids,  L\  and  Lt,  what  they  really  measured  was 

LiLt  +  L»  air  —  Li  air, 

that  is,  the  liquid-liquid  contact  potential  difference  plus  the  difference 
of  the  two  air-liquid  contact  potential  differences.  They  [^ced  great 
confidence  in  the  constancy  of  the  contact  potential  difference  between 
zinc  and  copper  which  they  used  as  a  standard  at  0.75  volt  (Clifton  gave 
it  as  0.8516  volt).  And  they  agreed  with  Clifton  that  it  was  more 
constant  than  a  Daniell  or  a  Clark  cell,  although  Pellat  found  it  to  vary 
as  much  as  three  tenths  of  a  volt.  They  have  tabulated  the  results  of 
numerous  observations  which  on  examination  reveal  discrepancies  many 
times  larger  than  the  limit  of  sensibility  of  their  apparatus. 

Turning  to  electrochemistry  we  have  the  solution  pressure  theory  of 
electrode  potentials  and  of  diffusion  potential  differences  developed  by 
Nemst,  Ostwald  and  others.  For  dilute  solutions  of  electrode  salu 
theory  agrees  fairly  well  with  experimental  results  on  concentration  cells. 

>  PhU.  Truu.,  Put  I..  1880. 
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For  measurements  of  single  potential  differences  the  electrochenusts 
depend  on  the  Lippmann  electrometer  and  the  dropping  mercury  elec- 
trode, which  are  based  on  the  Helmholtz  theory  of  the  electric  double 
layer.  These  are  familiar  to  most  physicists  and  it  is  not  the  writer's 
intention  to  review  the  numerous  researches  in  this  field  of  electrochem* 
istry.  There  are,  however,  a  few  papers  that  may  well  be  noticed  here. 
Billitzer'  has  shown  that  the  maximum  surface  tension  for  mercury  in 
contact  with  a  liquid  does  not  necessarily  occur  when  there  is  no  difference 
of  potential  between  the  metal  and  the  liquid.  He  showed  by  several 
methods  that  it  may  vary  as  much  as  several  tenths  of  a  volt,  and  he 
came  to  the  conclusion  that  methods  of  measuring  metal-liquid  contact 
potential  differences  depending  on  the  Helmholtz  theory  of  the  electric 
double  layer  are  inaccurate.  KrouchkoU*  found  similar  results  with 
wires  under  tension  as  electrodes.  These  results  were  also  confirmed 
by  Exner  and  Tuma,  and  also  by  Brown.' 

Summing  it  all  up,  we  may  say  that  no  experimental  determination 
that  is  entirely  free  from  objection  has  as  yet  been  made  of  any  electrode 
potential,  or  of  any  liquid-liquid  potential  difference,  and  that  the  ques- 
tion of  the  air-liquid  contact  potential  difference  has  merely  been  raised. 
The   purpose  of  this  investi- 
gation was   to   devise  a  simple 
and  satisfactory  method  for  the 
study  of  contact  differences  of 
potential  in  those  cases  where 
liquids  enter  into  consideration, 
and  to  seek  out  and  eliminate  if 
possible  the  unknown  sources  of 
erratic  error  which  have  caused 
Fig.  1.  such  discrepancy  in  the  experi- 

mental results  of  previous  inves- 
tigators. As  is  usually  the  case,  the  whole  aim  of  the  work  has  not 
been  realized,  but  enough  has  been  done  to  show  that  the  problem  of 
contact  potential  differences  with  liquids  is  more  complex  than  has  been 
thought.  Factors  heretofore  neglected  will  be  shown  to  play  an  im- 
portant part,  at  least  at  the  air-liquid  contact. 

A  form  of  the  compensation  method  was  used.  Fig.  i  is  a  diagram  of 
the  electrical  connections.  A  is  an  insulated  glass  vessel  34  centimeters  in 
diameter  and  less  than  a  centimeter  in  depth,  in  which  is  placed  the 

■  Zeluchr.  Electrochem.,  14.  p.  614,  1908. 
*  Ano.  ch«m.  phys.  [VI.|.  17.  p.  iig,  i88g. 
'  PhU.  Mag.  [v.],  17.  p.  3S4,  18S9. 
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liquid  (L)  under  obeervation.  C  is  a  lacquered  brass  plate  20  <%nti- 
meters  in  diameter,  which,  in  its  lowest  position,  stands  a  few  milli- 
meters above  the  surface  of  the  liquid.  It  is  arranged  so  that  it  may 
be  easily  raised  to  a  height  of  6  or  8  centimeters  above  the  liquid  while  the 
observer  is  watching  the  electrometer  scale.  This  plate  is  connected 
permanently  to  earth,  if  is  a  small  electrode  of  the  metal  under  observa- 
tion.  It  is  supported  on  an  insulating  stand  entirely  separate  from  the 
glass  vessel  and  it  is  connected  permanently,  during  an  experiment,  to 
he  insulated  quadrants  of  a  Dolazaiek  electrometer,  by  means  of  a 
mercury  cup  and  a  brass  wire.  The  other  pair  of  quadrants  is  perma- 
nently connected  to  earth.  5  is  an  earthed  electrode  screen  that  prevents 
any  inductive  effect  on  the  electrode  by  the  motion  of  the  plate  C.  P 
is  a  Wolff  potentiometer  by  means  of  which  the  insulated  quadrants  and 
the  electrode  are  brought  to  any  desired  potential  through  the  key  k, 
which  also  serves  as  the  earthing  key.  J?  is  a  reversing  key  in  the  main 
circuit  of  the  potentiometer  which  permits  either  positive  or  negative 
potential  to  be  applied  to  the  electrode.  The  entire  apparatus,  except 
the  main  potentiometer  circuit  and  the  galvanometer,  is  protected  by 
earthed  screens. 

In  some  of  the  later  experiments  metal  cell  vessels  were  used  instead  of 
the  glass  vessel.    One  of  these  was  plated  with  tin,  the  other  with  copper, 
so  that  various  solutions  might  be  used 
without  chemical  action  on  the  con- 
taining vessel.     When  the  metal  ves- 
sels were  used  they  were  not  filled 

level  full,  as  was  the  glass  vessel,  and  \ 

to  prevent  error  due  to  induction  be-  > 

tween  the  condenser  plate  and  the  Fig,  2, 

vessel  rim  a  cylindrical  guard  ring  of 

lacquered  brass  was  used  as  shown  in  Fig.  2.    This  guard  ring  was  also 

used  in  place  of  the  electrode  screen  in  the  later  experiments  using  the 

glass  vessel. 

In  making  a  reading  the  vessel  was  carefully  cleaned,  placed  in  position, 
and  filled  with  the  liquid  to  be  investigated.  The  electrode  was  then 
rubbed  bright  with  sandpaper,  cleaned  with  dry  filter  paper,  and  placed 
in  poMtion.  The  condenser  plate  was  placed  at  the  bottom  of  its  range 
of  motion,  and  a  little  time  allowed  for  the  electrode  potential  to  become 
steady.  The  potentiometer  circuit  was  closed  and  the  dials  adjusted 
to  any  desired  potential  drop  along  ab.  Then  the  key  k  was  opened. 
On  raising  the  plate  C  there  was,  in  general,  a  rush  of  electricity  to  or  from 
the  electrometer.     But  if  the  surface  of  the  plate  and  the  surface  of  the 
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liquid  were  at  the  same  potential  no  rediatribution  of  chai^  would  take 
place  and  no  change  of  the  electrometer  reading  would  be  observed. 
The  potentiometer  reading  would  be  the  value  sought.  The  electrode 
was  then  removed,  wiped  with  dean  filter  paper,  replaced,  and  after  a 
short  time,  the  reading  was  checked. 

It  will  be  seen  that  all  the  advantages  of  a  null  method  are  retained, 
the  electrometer  acting  merely  as  an  indicator.  The  sensitiveness  of 
the  apparatus  depends  not -only  upon  the  electrometer,  but  also  upon  the 
ratio  of  the  electrometer  capacity  to  the  cell  capacity,  and  with  the  appa- 
ratus used  it  was  possible  to  determine  the  balanced  point  within  0.002 
volt.    This  was  sufficiently  sensitive  for  the  work. 

Before  readings  of  any  value  could  be  made  it  was  necessary  to  obtain 
a  plate  C  whose  surface  potential  would  remain  nearly  constant.  Pfaff 
and  others  have  found  that  for  dry  or  moist  ^r  and  other  gases,  the 
surface  potential  of  lacquered  plates  is  not  affected  as  long  as  there  is  no 
visible  chemical  action.  Although  used  a  few  millimeters  above  the 
surface  of  liquids  the  plate  gave  no  trouble.  During  eleven  days  the 
observed  values  for  a  copper  electrode  in  glycerine  did  not  vary  by  o.oi 
volt.  Cop[>er-glycerine  was  occasionally  used  as  a  check  on  the  con- 
stancy of  the  plate  surface. 

From  Fig.  I  it  is  easily  seen  that  what  is  experimentally  determined  is 

K  +  aL  +  LM~  E,  (i) 

where  K  is  the  constant  potential  difference  between  the  plate  and  the 
air,  aL  the  potential  difference  between  the  air  and  the  liquid,  and  LM 
that  between  the  liquid  and  the  electrode.  If  two  liquids  be  used  in 
succession  with  the  same  electrode  we  have 

K  +  aLi  +  UM  -  Ex,  (2) 

K  +  aU  +  UM  -  Ex.  (3) 

If  a  diffusion  cell  be  set  up  using  the  two  liquids  we  measure 

MLi  +  LiU  +  UM  -  V.  (4) 

Combining  these  three  equations  we  have 

L,L,  +  1,0  -  L,o  =  7  +  £1  -  £,.  (5) 

This  is  in  fact,  what  Ayrton  and  Perry  measured,  considering  LfH  and 
Lia  negligible.  With  their  apparatus  air-liquid  contacts  could  not  be 
studied  separately. 

Consider  again  the  observation  equation 

K  +  aL  +  LM  '  E. 
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The  value  of  K  may  by  reason  of  occasionally  repeated  check  determina- 
tions, be  assumed  constant,  although  we  have  no  means  of  knowing  its 
actual  mf^cnitude.  For  a  g^ven  liquid  it  is  hardly  possible  that  LM  vanes 
from  time  to  time,  and  at  any  rate  it  is  subject  to  experimental  determina- 
tion. We  are  in  a  position  to  find  out  whether  La  is  a  variable  depending 
on  surface  condition  of  the  liquid,  gas  content,  and  so  on,  and  thus  show 
its  existence.  And  since  the  influence  of  the  negative  radical  on  the 
electrode  potential  is  known  to  be  small  by  reason  of  electrochemical  data, 
LM  will  not  vary  much  (or  different  electrode  salts.  The  influence  of 
the  negative  radical  on  the  air-liquid  contact  may  then  be  studied. 

A  number  of  solutions  of  cop- 
per sulphate  of  different  con- 
centrations were  made  up.  A 
copper  electrode  was  used  and 
E  determined  for  the  different 
concentrations.  The  results  are 
plotted  in  Fig.  3,  Curve  I. 
This  curve  shows  the  variation 
of  aL  +  LM  with  concentration 
of  the  solution,  but  it  does  not 
give  actual  values  since  all  read-  , 
ings  are  affected  by  the  constant 
K.  The  same  solutions  were 
used  two  weeks  later  and  Curve 
II.  shows  the  results.  Later  on 
fresh  solutions  were  made  up  and 
used  with  the  results  shown  by 
Curve  III.  With  zinc  and  zinc 
sulphate  solutions  the  results 
were  even  more  erratic  as  is 
shown  by  Curves  IV.  and  V.,  which  are  for  two  sets  of  solutions. 

As  long  as  results  vary  in  this  erratic  way  it  is  useless  to  measure  the 
E.M.F.  of  the  various  concentration  cells  needed  to  compute  L\Lt  -|-  Lta 
—  Lia  for  different  concentrations  of  the  same  solution,  and  to  tabulate 
results. 

If  these  erratic  values  were  due  to  a  change  in  the  value  of  K  from  day 
to  day  the  result  would  be  to  add  a  constant  to  all  the  observed  values, 
and  the  form  of  the  curve  would  not  be  changed.  Irregular  variations 
of  K  large  enough  and  rapid  enough  to  account  for  the  discrepancies  seem 
very  improbable.  It  is  also  improbable  that  LM  can  differ  much  for 
two  solutions  of  the  same  salt  at  the  same  concentration.    Neither  is  it 
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conceivable  how  LM  for  the  same  solution  could  change  so  much  in  a 
few  days  when  the  solution  was  kept  in  a  dean  glass-stoppered  flask. 
The  most  probable  place  for  differences  to  occur  seemed  to  be  at  the  air- 
liquid  contact,  and  experiments  were  then  performed  to  determine  this 
point. 

It  was  thought  that  the  gas  content  of  the  solution  might  affect  the 
air-liquid  contact  potential  difFerence  and  with  this  in  mind  the  following 
experiments  were  performed.  The  time  of  observation  is  recorded  merely 
to  show  that  the  readings  were  made  rapidly  enough  to  eliminate  the 
possibility  of  any  disturbing  variation  of  K.  The  experiments  given  are 
only  a  few  of  those  performed  with  the  same  general  results. 


Coppa  EUOrodt.    Normal  Sodium  Chloride  Sdtition.     Tiniud  CM  Vtsstl  tciUtoiif  Guard-Ring. 


Liquid  Borfau  CondMoa. 


Solution  placed  in  cell 

Air  bubbled  into  the  solution 

Solution  poured  into  beaker  and  at  once  poured  into  cell . . 

Air  bubbled  in  place 


Air  bubbled  again 

Poured  into  beaker  and  a 
Air  bubbled  in  place .... 


e  returned  to  cell . , 


-0.01 

-0.11 

-0.02-1- 

-0.03 

-0.13 

-0.13 

-0.14 

-0.04 

-0.12 


Copptr  Eleclrodt.     Normal  Sodium  Chloride  Soluliom.     Tiiaud  CtU  Vetsel  toiUk  Cmord-Ring. 


Liquid  aoTtic* 


Solution  placed  in  cell 

Air  bubbled  in  place 

Air  bubbled  again 

Poured  into  beaker.    At  once  returned  to  i 

Air  bubbled  in  place 

Swept  with  clean  filter 

Poured  into  beaker  and  at  once  returned  t( 
Swept  with  clean  filter 


-0.11 

9m 

-0.16-i- 

9:10 

-0.17 

9:20 

-0.05-1- 

9:30 

-0.16 

9:45 

-0.23 

9:50 

-0.09 

lOKW 

-0.24 

10:10 

From  the  6rst  experiment  it  is  evident  that  the  variation  in  the  air- 
liquid  contact  potential  difFerence  is  not  wholly  due  to  dissolved  gases 
since  pouring  the  solution  out  of  the  cell  and  at  once  returning  it  returns 
the  reading  to  its  first  value.  The  change  due  to  air  bubbling  is  prac- 
tically the  same  in  each  case,  and  causes  a  shift  toward  negative  values. 
In  the  second  experiment  the  guard-ring  was  used  and  actual  values 
are  different,  but  the  same  general  effect  due  to  pouring  and  to  air 
bubbling  is   notit^.     Sweeping  with   filter  paper  produces  an  effect 
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bubbling  and  in  the  same 


much  greater  than  that  produced  by  ; 
direction. 

In  the  following  trial  with  a  0.4  normal  copper  sulphate  solution  in 
the  copper-plated  vessel  using  a  copper  electrode,  the  liquid  surface 
was  repeatedly  swept  until  a  steady  value  was  obtained. 


Liquid  Bnrbca  Condltian. 

Solution  placed  in  cell 

Swept  with  clean  filter 

Poured  into  beaker  and  at  once  returned  to  cell 

Swept  with  filter  paper 

Air  bubbled  in  place 

Swept  with  clean  filter 

Air  bubbled  in  place 

Swept  with  clean  filter 

Again  swept  with  filter 

Again  swept  with  filter 

Again  swept  with  filter 

Again  swept  with  filter 

Poured  into  beaker  and  at  once  returned  to  celt 

Again  poured  into  beaker  and  returned  to  celt 

Again  poured  into  beaker  and  returned  to  cell 

Again  poured  into  beaker  and  returned  to  cell 

Drop  of  kerosene  on  surTace 

Another  drop  added 

Poured  into  beaker,  vessel  cleaned,  solution  returned 

A  drop  of  Iteroeene  added 

About  I  c.c.  keroMne  added 


E  (Volts). 

■tim: 

+0.31  - 

1:55 

+0.21 

2:00 

+0.27 

2K)7 

+0.17- 

2:13 

+0.13 

2:25 

+0.06 

2:30 

+0.06 

2:40 

+0.03 

2:43 

+0.01 

2:46 

-0.00+ 

2:50 

-0.02 

2:55 

-0.03- 

5M 

+0.11 

3:06 

+0.20 

3:15 

+0.22 

3:25 

+0.24 

3:30 

0.00 

3:37 

-0.02- 

3:41 

+0.02 

4:25 

-0.02 

4:30 

-0.01 

4:35 

It  is  seen  that  a  limiting  low  value  was  approached  as  the  surface 
was  re[>eatedly  swept  with  filter  paper.  It  is  also  of  interest  to  note  that 
a  few  drops  of  kerosene  instantly  produced  the  same  effect  as  did  con- 
tinued sweeping  with  filter  paper,  and  the  addition  of  considerable 
kerosene  produced  the  same  change  as  did  a  very  thin  film  of  it. 

The  effect  of  drawing  a  clean  glass  rod  reaching  clear  across  the  vessel, 
over  the  surface  thus  securing  a  clean  surface,  was  then  tried.  In  order 
to  do  this  the  glass  vessel  was  used  level  full  of  the  liquid.  The  txpper 
electrode  and  the  0.4  normal  copper  sulphate  solution  was  used  with  the 
following  results. 
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Poured  into  vessel 

Swept  with  clean  UlCer 

Again  swept  with  filter 

Swept  with  clean  glass  rod 

Swept  with  filter  paper 

Swept  with  clean  glass  rod 

Again  swept  with  rod 

Again  swept  with  rod 

Again  swept  with  rod 

Again  swept  with  rod 

Swept  with  clean  fiJter 

Again  swept  with  filter 

Again  swept  with  filter 

Small  dn^  kerosene  added 

Another  drop  kerosene  added 

Swept  with  clean  glass  rod 


+0.17- 

10:00 

+0.12 

lOflS 

+0.10 

10:11 

+0.29 

10:20 

+0.21- 

10:30 

+0.36 

10:36 

+0.39 

10:44 

+0.42 

10:49 

+0.43 

10:52 

+0.43+ 

10:5S 

+0.29 

11:00 

+0.19 

11:02 

+0.14 

11:06 

+0.10 

llrtW 

+0.09 

11:12 

+0.14 

11:16 

In  every  case  sweeping  with  the  glass  rod  raised  the  value  toward  a 
maximum  limit,  and  continued  sweeping  with  filter  paper  reduced  the 
value  toward  a  lower  limit. 

A  normal  sodium  chloride  solution  was  next  tried  with  the  copper 
electrode,  and  the  effects  of  alcohol  and  ether  vapor  and  kerosene  are 
shown  below. 


a(Voii«). 

Ttm*. 

+0.05 

9:15 

+0.06 

9:22 

+0.06- 

9:36 

+0.03 

9:44 

0.00 

9:49 

0.00 

10:12 

-0.10 

10:15 

-0.03 

10:28 

-0.05 

10:39 

-0.18 

10:46 

-0.21  + 

10:50 

-0.22 

10:52 

-0.22- 

10:55 

Swept  several  times  with  glass)  rod 

Again  swept  with  glass  rod 

Undirturbed 

Three  drops  alcohol  put  on.    Negative  at  first  but  before 

reading  could  be  made  was 

Three  more  drops  alcohol,  first  reading 

Ether  vapor  poured  on 

Undisturt>ed 

Undisturbed 

Drop  kerosene  put  00 

Another  drop  iKroacnc  put  on 

Another  drop  kcrooene  put  ou 

Another  drop  kerosene  put  on 


Beades  showing  the  effects  produced  by  various  substances  this  experi- 
ment shows  three  separate  determinations  with  distilled  water  agrenng 
well  among  themselves.  In  all  the  cases  tried  the  difference  between 
the  high  clean  surface  value  and  the  low  filter  swept  or  kerosene  surface 
was  found  to  be  about  0.3  volt. 


Digitized  by  G00_gIC 


i^-J  AIR-UQUID  CONTACT  POTENTIAL  DIFPESENCB.  105 

CotPf  Elutndt  with  DiMUdi  Wattr  using  Glass  Vtsitl  vtik  EltOrodt  Stritn. 


Swept  •everal  timet  with  gUw  rod 

Again  awept  with  rod 

Again  swept  with  rod 

Screen  replaced  by  guard  ring 

Veaeel  emptied.     Refilled.    Swept  with  glaM  rod 

Swept  loine  more  with  rod 

Some  cork  duat  sprinkled  on 

Drop  of  kerosene.    Cork  dust  swept  to  edge  of  vessel . . 

Another  drop  of  kerosene 

Another  drop  of  keroeeoe 

Cell  emptied,  cleaned  and  refilled.     Swept  with  rod.i  . 
Drop  toluene  added.    A  decrease  but  before  a  reading  could 

be  made  it  was 

More  toluene  added 

Drop  cotton-seed  oil  added 

Several  drops  more 

Drop  of  kerosene  added 

Several  drops  more 

Cell  emptied.    Refilled  without  cleaning.    Some  oil  still 

the  surface 

Swept'  several  times  with  rod 

Swept*  several  times  with  rod 

Swept'  several  tiroes  with  rod . , 


E  (Volls). 

■nnw. 

+0.29 

9J0 

+0.29 

9M 

+0.29- 

9M 

+0.29 

9:48 

+0.28 

9:55 

+0.27+ 

+0.26 

lOKK) 

+0.01 

lOHW 

-0.03- 

10:10 

-0.03- 

+0.28+ 

10:24 

+0.27 

10:39 

+0.25 

10.-42 

+0.0* 

10.55 

+0.0* 

10:57 

+0.04+ 

10:59 

+0.03- 

11K)2 

+0.03 

11:20 

0.00 

11:30 

-0.04 

11:35 

-0.05 

11:41 

Since  the  air-liquid  contact  potential  difference  has  thus  been  varied 
as  much  as  three  tenths  of  a  volt  its  general  existence  cannot  be  denied. 
In  what  special  cases  it  may  be  zero  or  negligibly  small  we  do  not  know 
Neither  do  we  know  its  magnitude  nor  its  sign  in  any  case,  but  we  see 
from  the  above  experiments  that  the  clean  liquid  surfaces  used  are  more 
positive  to  air  than  are  the  contaminated  surfaces. 

Experiments  were  next  made  to  find  the  variation  of  E  with  the  con- 
centration of  the  solution,  taking  in  each  determination  the  final  value 
for  a  clean  liquid  suriace.  The  copper  electrode  was  used  in  all  these 
experiments. 

NaCt  (Narmai  SoIuHoh). 

Swept  with  (lass  rod -0.05 

Swept  some  more —0.02 

Swept  some  more 0.00 

Swept  some  more +0.01  — 

Swept  some  more +0.01  — 

V«CI  (0.4  Nermtl). 

Swept  as  before -0.03 

Swept  some  more +0.03 

Swept  some  mote +0.0* 

Swept  some  more +0.DS 

*  The  sweepinc  removed  the  small  flobules  of  cottonseed  oil  leaving  a  dm  td  ketotette. 
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NoCl  (0.2  Normal). 

Swept  as  before +0.08 

Swept  lome  more +0.tl  — 

Swept  some  more +0.10  — 

Swept  Kime  more +fl.IO 

Swept  some  more +0.10 

WaltT  (DistiUtd). 

Swept  u  before +0.J8 

Swept  some  more +0.2S 

This  gives  clean  liquid  values  for  E  as  follows: 

Water +0.18 

NaCl  (0.2  Donnal) ._ +0.10 

NaCl  (0.4  norma]) .' +0.0S 

NaCl  (nomial) +0.01  - 

Solutions  of  copper  sulphate,  copper  chloride,  sodium  chloride,  bromide, 
and  sulphate  were  used  in  the  same  way.  The  results  in  volts  are  tabu- 
lated below  and  curves  are  plotted  in  Fig.  4, 


Cur»«. 

Cone.-* 

00 

cts 

•.» 

o.«5 

o.y> 

A 

NaCl 

+0.28 

+0.10 

B 

CuSO. 

+0.28+ 

+0.30 

C 

CuCI, 

+0.28+ 

+0.33- 

D 

CuCl, 

+0.28 

+0.32 

E 

NaCl 

+0.29 

+0.10 

+0.07 

F 

NatSft 

+0.29 

+0.22- 

+0.20- 

G 

NaBr 

+0.28 

+0.06 

+0.03 

H 

CuSO. 

+0.28+ 

+0.35 

+0.37- 

Car... 

Co».. -» 

0^ 

o.s> 

ojto 

>.» 

A 

NaCl 

+0.05 

+0.01- 

B 

CuSO, 

+0.31- 

+0.31  - 

C 

CuCl, 

+0.33 

+0.30 

D 

CuCI, 

+0.33+ 

+0.30 

E 

NaCl 

+0.05+ 

+0.0*- 

F 

Na,SO, 

+0.19- 

+0.19 

G 

NaBr 

+0.00+ 

-0.02+ 

H 

CuSOt 

+0.36 

+0.36- 

A  and  E  were  made  with  entirely  different  solutions,  as  were  also  B 
and  H.  C  and  £>  were  made  with  solutions  diluted  from  the  same  stock 
solution,  but  otherwise  they  are  entirely  separate.  The  two  curves  differ 
at  no  point  by  a  hundredth  of  a  volt.    F  and  G  were  not  repeated. 

We  see  in  these  results  much  better  duplication  of  readings  than  was 
possible  before,  but  the  discrepancies  are  still  quite  large  and  It  does 
not  yet  seem  advisable  to  compute  and  tabulate  values  of  Z.1L1  +  Ltn 
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—  Liii.  To  do  so  before  the  causes  of  the  discrepancies  are  better  under- 
stood would  be  to  add  to  an  already  confusing  mass  of  more  or  less 
conjectural  data  of  doubtful  value. 


Tit.  *■ 

The  following  concentration  cells  were  set  up  and  the  electromotive 
force  measured  with  the  potentiometer, 

Cu-Na,S04  («)-N«Cl  (n)-Ca 0.164  volt. 

Cu-CuCI.  (»)-CuSO.  (■)-Cu 0.004 

Cu-CuSO.  (•)-N«Cl  («)-Cu 0.27 

Cu-CuSO.  (»)-N«Br  (»i)-Cu 0.35 

Cu-Na,SO.  (-KNaBr  <ii)-Cu 0.108 

Combining  these  with  the  values  of  E  taken  from  the  curves  we  have 
the  following  table. 


Ts  tlu  FoUswJnc 

A  CsdtBEt  P.D.  In  Vsltm. 

N..SO.(») 

NaCI(n) 

f  +0.01 
l  -0.02 

CuS04(») 
CuSO,(») 

CuClt<n) 

NaCI{«) 

-0.01 

1  -0.03 

CuSO.(«) 

Na,SO*(«) 

NaBr(n) 

NaBr(n) 

+0.02 
0.00 

These  results  are  the  differences  of  the  two  air-liquid  contact  potential 
differences  plus  the  diffusion  potential  between  the  two  solutions.  This 
last,  according  to  the  electrochemists,  is  small  for  the  solutions  used. 
Then  it  would  seem  that  the  air-liquid  contact  potential  differences  for 
normal  solutions  with  clean  surfaces  has  approximately  the  same  value 
for  the  solutions  examined. 
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It  was  pointed  out  by  Ayrton  and  Perry  that  if  their  experiments  were 
performed  in  gases  other  than  air  the  question  of  air-liquid  contact  poten- 
tial differences  could  be  solved.  Their  apparatus  would  have  given 
differential  results,  however,  and  would  have  left  the  question  of  gas- 
liquid  contact  potential  differences  unanswered.  With  the  writer's 
apparatus  this  problem  may  be  more  easily  attacked,  and  if  the  surface 
potential  of  the  condenser  plate  does  not  change  when  immersed  in 
different  gases,  the  difFeren<%  of  the  gas-liquid  potential  difference  for 
different  gases  may  be  directly  observed. 

At  best  experimental  work  in  this  field  is  tedious.  Slight  impurities 
in  the  water  used  in  making  the  soluUons  seem  to  have  considerable 
effect  especially  with  solutions  of  low  concentration.  Distilled  water  of 
the  best  quality  and  in  quantity  sufficient  for  work  of  this  kind  could  not 
be  had,  and  it  is  possible  that  the  discrepancies  still  in  evidence  may  be 
traceable  to  this  cause.  It  is  the  writer's  intention  to  so  modify  the 
apparatus  that  a  much  smaller  quantity  of  solution  will  suffice,  and  to 
investigate  further  the  questions  that  have  arisen. 

The  writer's  thanks  are  due  to  Professors  Sanford  and  Rogers  for 
their  kindly  suggestions  and  criticism  during  the  progress  of  the  work. 

Summary. 

1.  Contact  potential  differences  with  liquids  have  been  studied  by 
means  of  the  inductive  method. 

2.  The  general  existence  of  a  potential  difference  at  the  air-liquid 
contact  has  been  definitely  shown. 

3.  The  air-liquid  contact  potential  difference  may  vary  as  much  -as 
three  tenths  of  a  volt,  depending  on  the  condition  of  the  liquid  surface. 

4.  Water  and  the  aqueous  solutions  used  are  more  positive  to  the  air 
when  the  surface  is  clean  than  when  it  is  contaminated. 

5.  The  value  of  the  air-liquid  contact  potential  difference  (for  the 
solutions  studied)  is  approximately  the  same  for  aqueous  solutions  of 
different  salts  at  normal  concentration. 

Stanpobd  UNivBRMry, 
April,  1913. 
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ON  THE  ELEMENTARY  ELECTRICAL  CHARGE  AND  THE 

■      AVOGADRO  CONSTANT. 

Bv  R.  A.  MnxuCAN. 

I.  Introductory. 

THE  experiments  herewith  reported  were  undertaken  with  the  view 
of  introducing  certain  improvements  into  the  oil-drop  method'  of 
determining  «  and  N  and  thus  obtaining  a  higher  accuracy  than  had 
before  been  possible  in  the  evaluation  of  these  most  fundamental  con- 
stants. 

In  the  original  observations  by  this  method  such  excellent  agreement 
was  found  between  the  values  of  e  derived  from  different  measurements 
(1.  c,  p.  384)  that  it  was  evident  that  if  appreciable  errors  existed  they 
must  be  looked  for  in  the  constant  factors  entering  into  the  final  formula 
rather  than  in  inaccuracies  in  the  readings  or  irregularities  in  the  behavior 
of  the  drope.  Accordingly  a  systematic  redetermination  of  all  these 
constants  was  begun  some  three  year?  ^o.  The  relative  importance  of 
the  various  factors  may  be  seen  from  the  following  review. 

As  is  now  well  known  the  oil-drop  method  rested  originally  upon  the 
assumption  of  Stokes's  law  and  gave  the  charge  e  on  a  given  drop  through 
the  equation 


4     (9V  \' I       I        \  '  (»i 


in  which  n  is  the  coefficient  of  viscosity  of  air,  v  the  density  of  the  oil,  p 
that  of  the  air,  vi  the  speed  of  descent  of  the  drop  under  gravity  and  ri 
its  speed  of  ascent  under  the  influence  of  an  electric  field  of  strength  F. 
The  essential  feature  of  the  method  conusted  in  repeatedly  changing 
the  charge  on  a  given  drop  by  the  capture  of  ions  from  the  air  and  in 
thus  obtaining  a  series  of  charges  with  each  drop.  These  charges  showed 
a  very  exact  multiple  relationship  under  all  drcumstances — a  fact  which 
demonstrated  very  directly  the  atomic  structure  of  the  electric  charge. 
If  Stokes's  law  were  correct  the  greatest  common  divisor  of  this  series  of 
chaises  should  have  been  the  absolute  value  of  the  elementary  electrical 
charge.  But  the  fact  that  this  greatest  common  divisor  failed  to  come 
out  a  constant  when  drops  of  different  sizes  were  used  showed  that  Stokes's 


■  R.  A.  MilUkui,  Pbvs,  Rev.,  31.  pp.  349-397,  1911. 
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law  breaks  down  when  the  diameter  of  a  drop  begins  to  approach  the 
order  of  magnitude  of  the  mean  free  path  of  a  gas  molecule.  Conse- 
quently the  foilowir^;  corrected  form  of  Stokes's  law  for  the  speed  of  a  drop 
falling  under  gravity  was  suggested. 

in  which  a  is  the  radius  of  the  drop,  I  the  mean  free  path  of  a  gas  molecule 
and  A  an  undetermined  constant.  It  is  to  be  particularly  emphasized 
that  the  term  in  the  brackets  was  expressly  set  up  merely  as  a  first  order 
correction  term  in  l/a  and  involved  no  theoretical  assumptions  of.  any  sort; 
further  that  the  constant  A  was  empirically  determined  through  the  use 
only  of  small  values  of  l/a  and  that  the  values  of  e  and  N  obtained  were 
therefore  precisely  as  trustworthy  as  were  the  observations  themselves.  This 
fact  has  been  repeatedly  overlooked  in  criticisms  of  the  results  of  the 
oil-drop  method.' 

Calling  then  et  the  greatest  common  divisor  of  all  the  various  values 
of  en  found  in  a  series  of  observations  on  a  g^ven  drop  there  resulted  from 
the  combination  of  (i)  and  (2)  the  equation 

,(l+A'-)'=e„  (3) 

or 

>  Indeed  M.  Jules  Rous  (Compt,  Rendu.  151.  p-  116S,  Ma}',[i9ii)  baa  attempted  to  correct 
my  values  lA  e  and  tf  by  redudag  tome  obMrvatlons  like  mine  whidh  he  made  00  droplet*  of 
•ulphur.  with  the  aid  of  a  purely  theoretical  value  of  A  which  i»  actually  apijroxlmately  twice 
too  large.  The  impoasibllity  of  the  vtUue  of  A  which  he  assumes  he  would  himself  have 
discovered  had  he  made  observations  on  spheres  of  different  sizes  or  at  different  pressures. 
Such  observations  whether  made  on  solid  spheres  or  on  liquid  spheres  always  yield  a  value  of 
A  about  half  of  that  assumed  by  Roux.  Hence  his  value  of  i.  viz.,  e  -  4.17  X  lo""  rest*  on 
no  sort  of  experimental  foundation  whatsoever.  It  rests  rather  on  two  erroneous  asaumptions, 
first  the  assumption  of  the  correctness  of  the  constanta  in  Cunningham's  theoretical  equation 
(Proc.  Roy.  Soc.,  83,  P.35T;  see  also  footnote  3,  p.  3S0,  Phys.  Rbv..  Vol.  33) — constants  which 
I  shall  presently  show  are  In  no  case  correct  within  the  limits  of  eipeiimentiLl  error  even  when 
Inelastic  impact  is  assumed,  and  second,  the  assumption  that  molecules  make  elastic  impact 
against  solid  surfaces,  on  assumption  which  is  completely  Incorrect  as  I  had  already  proved  by 
showing  that  tlte  value  of  the  "slip"  term  is  the  same  for  oil  and  air  as  for  glass  and  air  (Phys. 
Rev.,  Vol.  33,  p.  38a),  which  Knudsen  also  had  proved  experimentally  to  be  erroneous  (Knud- 
scn.  An.  der  Phys.,  aS,  p.  75,  1909,  and  35,  p.  389)  and  which  for  theoretical  reasons  as  well 
is  plainly  inadmissible,  since  were  it  correct  Polseullle's  taw  could  not  hold  for  gases  under  any 
drcumstaitcea. 

Bnt  even  If  Roux  h»d  assumed  the  correct  value  of  4  he  would  still  have  obtained  resulu 
several  per  cent,  too  low,  a  fact  which  must  be  ascribed  either  to  faulty  experimental  arrange- 
ments or  to  imperfect  knowledge  of  the  density  of  his  sulphur  spheres;  for  sdid  tpherts  hmt 
bttu  ttry  cartfmlly  stmJUd  in  the  Rytrim  Laboratory  and  art  in  faU  itjtmd  U)  yield  ra%Ui  tery 
eU»*  lo  Ikost  oUainrd  inU  oil  drofs-  Solid  spheres  however  are  not  nearly  so  well  adapted  to 
a  precision  measurement  of  e  as  are  oil  drops,  since  their  density  and  sphericity  are  always 
natters  of  some  imcertalnty. 
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It  was  from  this  equation  that  e  was  obtained  after  A  had  been  found 
by  a  graphical  method  which  will  be  more  fully  considered  presently. 

The  factors  then  which  enter  into  the  determination  of  e  are:  (i)  The 
density  factor,  a  —  jt;  (2)  the  electric  field  strength,  F;  {3)  the  viscosity 
of  air,  11;  (4)  the  speeds,  t>i  and  Vt;  (5)  the  drop  radius,  a;  (6)  the  correc- 
tion term  constant.  A, 

Concerning  the  first  two  of  these  factors  little  need  be  said  unless  a 
question  be  raised  as  to  whether  the  density  of  such  minute  cnl  drops 
might  not  be  a  function  of  the  radius.  Such  a  question  is  condustvely 
answered  in  the  negative  both  by  theory'  and  by  the  experiments  reported 
in  this  paper. 

Liquid  rather  than  solid  spheres  were  originally  chosen  because  of  the 
far  greater  certainty  with  which  their  density  and  sphericity  could  be 
known.  Nevertheless  I  originally  used  liquids  of  widely  different 
viscosities  (light  oil,  glycerine,  mercury)  and  obtained  the  same  results 
with  them  all  within  the  limits  of  error,  thus  showing  experimentally  that 
so  far  as  this  work  was  concerned,  the  drops  all  acted  like  rigid  spheres. 
More  complete  proof  of  this  conclusion  is  furnished  both  by  the  follow- 
ing observations  and  by  other  careful  work  on  solid  spheres  soon  to  be 
reported  in  detail  by  Mr.  J.  Y.  Lee. 

The  material  used  for  the  drops  in  the  following  experiments  was  the 
highest  grade  of  clock^oil,  the  density  of  which,  at  23°  C,  tlie  temperature 

>  Tbe  prcHure  ft  within  ui  oil  drop  la  given  by 


wtKK  k  it  LaFUce'*  conttant  of  inUniai  preiMire.  a  th«  comtant  of  turface  tciuloa  and  R 
the  radlu*.  Tbe  lUffcrciice  (>■  —  pi)  between  tbe  prenure  within  the  oil  drop  and  within 
the  oQ  In  bulk  ia  tten  a/aR.     But  the  coefficient  d  conqHCHlUlitr  of  a  liquid  k  defined 

g-     "-"    . 
»!(*.  -  P,) 

MCnr  ^  for  oil  of  thii  lort  never  exceedi  to  X  io~*  megadynet  per  tq.  cm.  (eee  Landolt  and 
BorsiMln'*  taldea),  wihile  a  la  about  35  drae  cm.  R  for  the  amalleM  drop  uaed  (T«ble  XX.) 
ii  j>ooos  cm.)  we  have  tlien 


_.  70  X  10-"  X  35 


-P^-  '--","-. 000024. 


Tlie  denaity  of  the  wnalleet  drop  uaed  U  tlien  )  parte  in  100,000  greater  tlum  tliat  of  tlie  oU  in 
lulk.  Ttie  email  drops  could  Umo  only  be  appreciably  demo-  than  the  larger  onei  If  tbe  cM 
were  intioinogeaeoui  and  if  the  atomliing  proceee  lelected  tlie  heavier  conetltuents  for  the 
•nail  dn>pe.    Such  an  aaaumptlon  li  negatived  by  tbe  experimental  reiulta  given  in  |  g. 
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at  which  the  experiments  were  carried  out,  was  found  in  two  determina- 
tions made  four  months  apart,  to  be  .9199  with  an  error  of  not  more  than 
one  part  in  10,000. 

The  electric  fields  were  produced  by  a  5,300-volt  stor^e  battery,  the 
P.D.  of  which  dropped  on  an  average  5  or  10  volts  during  an  observation 
of  an  hour's  duration.  The  potential  readings  were  taken,  just  before 
and  just  after  a  set  of  observarions  on  a  given  drop,  by  dividing  the  bank 
into  6  parts  and  reading  the  P.D.  of  each  part  with  a  900-volt  Kelvin 
and  White  electrostatic  voltmeter  which  showed  remarkable  constancy 
and  could  be  read  easily,  in  this  part  of  the  scale,  with  an  accuracy  of 
about  I  part  in  2,000.  This  instrument  was  calibrated  by  comparison 
with  a  750-volt  Weston  Laboratory  Standard  Voltmeter  certified  correct 
to  i/io  per  cent,  and  actually  found  to  have  this  accuracy  by  comparison 
with  an  instrument  standardized  at  the  Bureau  of  Standards  in  Washing- 
ton. The  readings  of  P.D.  should  therefore  in  no  case  contain  an  error 
of  more  than  1  part  in  1,000.  As  a  matter  of  fact  5,000  volt  readings 
made  with  the  aid  of  two  different  calibration  curves  of  the  K.  &  W. 
instrument  made  two  years  apart  never  differed  by  more  than  i  or  2 
parts  in  5,000. 

The  value  of  F  involves  in  addition  to  P.D.  the  distance  between  the 
plates,  which  was  as  before  16  mm.  and  correct  to  about  .01  mm.  (1.  c, 
P-  351)'  Nothing  more  need  be  said  concerning  the  first  two  of  the 
above-mentioned  factors.  The  last  four  however  need  especial  con- 
sideration. 

2.  The  Coefficient  of  Viscosity  of  Air. 

This  factor  certainly  introduces  as  large  an  element  of  uncertainty 
as  inheres  anywhere  in  the  oil-drop  method.  Since  it  appears  in  equa- 
rion  (i)  in  the  3/2  power  an  uncertainty  of  0.5  percent,  in  11  means  an 
Uncertainty  of  0.75  per  cent,  in  e.  It  was  therefore  of  the  utmost  impor- 
tance that  1}  be  determined  with  all  possible  accuracy.  Accordingly  two 
new  determinations  were  begun  three  years  ago  in  the  Ryerson  Labora- 
tory, one  by  Mr.  Lachlan  Gilchrist  and  one  by  Mr.  I.  M.  Rapp.  Mr, 
Gilchrist,  whose  work  has  already  been  published,'  used  a  constant 
deflection  method  (with  concentric  cylinders),  which  it  was  estimated 
(I.  c,  p.  386)  ought  to  reduce  the  uncertainty  irnj  to  i  or  2  tenths  of  a 
per  cent.  The  results  have  justified  this  estimate.  Mr.  Rapp  used  a 
form  of  the  capillary  tube  method  which  it  was  thought  was  better 
adapted  to  an  absolute  evaluation  of  n  than  have  been  the  capillary  tube 
arrangements  which  have  been  commonly  used  heretofore.*    Since  Mr. 

■  LacUan  t^Ichriit.  Pmrs.  Rbv.,  id  Ser.,  Vol.  i.  p.  134- 

*  ThU  invMtlsatioD  will  tbortly  be  publiahed  in  full  (Pmrs.  Rbv..  igt3).  hence  only  ft  (mtc 
Matement  will  here  be  made  of  the  results  which  are  needed  for  the  problem  In  hand. 
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Gilchrist  completed  his  work  at  the  University  of  Toronto,  Canada,  and 
Mr.  Rapp  made  his  computations  and  final  reductions  at  Ursinus  College, 
Pa.,  neither  observer  had  any  knowledge  of  the  results  obtained  by  the 
other.  The  two  results  agree  within  i  part  in  600.  Mr.  Rapp  estimates 
his  maximum  uncertainty  at  o.i  per  cent.,  Mr.  Gilchrist  at  0.3  per  cent. 
Mr^  Rapp's  work  was  done  at  26'  C.  and  gave  i|w  —  .00018375.  When 
this  is  reduced  to  23°  C,  the  temperature  used  in  the  following  work,  by 
means  of  formula  Cs) — a  formula'  which  certainly  can  introduce  no 
appreciable  error  for  the  range  of  temperature  here  used, — viz., 

)j,  -  0.00018240  —  0.000000493(23  —  /);  (5) 

there  results 

ijtt  <-  .00018227. 

Mr.  Gilchrist's  work  was  done  at  20.2°  C.  and  gave  ij^,  »  .0001813. 
When  this  is  reduced  to  33°  C.  it  yields 

nn  -  .00018257. 

When  this  new  work,  by  totally  dissimilar  methods,  is  compared  with 
the  best  existing  determinations  by  stii)  other  methods  the  agreement  is 
exceedingly  striking.  Thus  in  1905,  Hogg*  made  at  Harvard  very  careful 
observations  on  the  damping  of  oscillating  cylinders  and  obtained  in 
three  experiments  at  atmospheric  pressure  nn  "  O.0001825,  iji,.,  " 
0.0001790  and  iju.»  "  0.0001795.  These  last  two  reduced  to  23°  C,  as 
above,  are  0.0001826  and  0.0001817  respectively  and  the  mean  value  of 
the  three  determinations  is 

Va  <"  0.00018327. 

Tomlinson's  clas^cal  determination,*  by  far  the  most  reliable  of  the 
nineteenth  century,  yielded  when  the  damping  was  due  primarily  to 
"push"  )tii.<rc:~  0.00017746;  when  it  was  due  wholly  to  "drag"  iju-tvo 
■"  0.0001771I1.  These  values  reduced  to  15°  C,  as  above,  are  respec- 
tively O.OOOI7S62  and  0.00017867.  Hence  we  may  take  Tomlinson's 
direct  determination  as  im  «  0^30017864.  This  reduced  to  23°  C. 
by  Tomlinson's  own  temperature  formula  (Hdman's)  yields  nu  ~^ 
0.00018242.'    By  the  above  fortnula  it  yields  ijn  -  O.00018256. 

Grindley  and. Gibson  using  the  tube  method  on.so  large  a  scale*  (tube 
1/8  inch  in  diameter  and  108  feet  long)  as  to  largely  eliminate  the  most 

■See  R.  A.  MilUIcaD.  AntMlen  d«r  Fbydk.  1913.  for  *  more  extended  diacussioit  of  thia 
•nd  other  viacodty  formul«  and  m«a«ur«ineDt«. 

■  J.  L.  Hogg,  Proc.  Amer.  Acad.,  40,  iS,  p.  611.  1905. 

■  Tomluuon,  Phil.  Tram..  177.  p.  767,  1886. 

'  Grindley  and  Gibaon.  Pro(.  Roy.  Soc..  80.  p.  1 14.  1^8. 
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fruitful  sources  of  error  in  this  method,  namely,  the  smallness  aixl  un- 
uniformity  of  the  bore,  obtained  at  room  temperature  the  fdlowing 
results:'  Vhm-c.  "  00018347,  Imwc.  "  .00018241,  ij^g-c.  "  .000l8257» 
and  ^iM'c,  =  .0001782.  These  numbers,  reduced  to  23°  C.  as  above, 
are  respectively  18,245,  18,241,  18,201,  and  18,195.  The  mean  is  18,220. 
Grindley  and  Gibson's  own  formula,  ij  =  .0001702  {i  +  .00329^  — 
.0000070^*},  yields  im  =  .00018245.  We  may  take  then  Grindley  and 
Gibson's  direct  determination  as  the  mean  of  these  two  values,  viz.: 
9n  =  .00018232. 

Collecting  then  the  five  most  careful  determinations  of  the  viscosity 
of  air  which  so  far  as  I  am  able  to  discover  have  ever  been  made  we 
obtain  the  following  table. 

Table  I. 

Air  itn  -  .00018117— lUpp.     Capillary  Cube  mMhod.     I9I3. 
Alrifu  -  .000IS2ST— Gilchrist.     Congtant  deflection  method.     1913. 
Alrtfu  -  .00018217— Hogg.     Damping  of  oacillatiiig  cylinder  method.     1905. 
Air  w  —  .00018258 — Tomllnson.     Diunplng  of  pendular  vlbratioiu  method.     1S86. 
Air  qu  -  .00018231— Grindley  and  GibKiii.     Flow  through  large  pipe  method.     1908. 
Mtma  -  .00018340 

It  will  be  seen,  then,  that  every  one  of  the  five  different  methods  which 
■have  been  used  for  the  absolute  determination  of  i)  leads  to  a  value  which 
■differs  by  less  than  x  part  in  i,ooo  from  the  above  mean  value  mt  — 
.00018240.  It  is  surely  legitimate  then  to  conclude  that  the  absolute  value 
of  1}  for  air  is  now  known  with  an  uncertainly  of  somewhat  less  than  i  part 
in  1,000? 

'  These  numl>ert  represent  Che  reduction  to  absolute  C.G.S.  units  of  all  the  ob*»vaClons 
which  Grindley  and  Cibaon  made  between  50°  F.  and  80°  F. 

I  In  obtaining  the  above  mean  I  have  chosen  what,  after  cardul  study,  I  have  consideTed 
to  be  the  bett  detennlnatioa  by  e*ch  of  the  five  distinct  methods.  The  ttanspiiatloD  mettiod 
has  beea  much  more  commonly  used  than  have  the  other*.  Mtd  in  geoeral.  the  final  result  1«  in 
tood  agreement  with  other  careful  work  by  this  method.  Thus  Bankine'i  final  value  (Proc. 
Roy.  Soc-,  A,  S3,  p.  %ii,  igio)  by  a  new  modificatloa  of  the  ciliary  tube  method.  wUle 
probably  not  daimhig  an  accurmcy  of  more  than  .4  per  cent.,  is,  at  lo.O*  C,  .0001767,  a  value 
which  reduces  to  m  -  .oooiSaS.  Again  Fisher's  final  formula  (Phvs.  Rbv.,  «8,  p.  104, 1909) 
gives  qti  —  .0001B31S,  Also  Holman's  much  usedfonnuia  (Phil.  Mag.,  11.  p.  199,  18S6,  and 
Tomlinsoti,  Phil.  Trans.,  Vol.  177,  part  a,  p.  167.  18U}  yields  im  —  .00018*37.  In  fact 
tbe  only  rellsMe  work  on  ij  wbfch  I  am  able  to  find  wUd  is  oat  of  line  with  the  vahK 
ita  -  .00018340  is  that  by  Breiterbodi  at  Leipzig  (Ann.  der  Phys..  5.  p.  166,  1901)  and 
tbatby  Schultze  (Ann.  der  Phys.,  5,  p.  157,  igoi]  and  seveial  other  observers  at  Che  University 
of  Halle  who  used  Schultie's  apparatus  (Marliowskl,  Ann.  der  Phys.,  14,  p.  741,  1904.  and 
Taniler,  Vetti.  der  D.  Phys.  Get..  8,  p.  311,  1906).  None  of  these  otwerverg  however  weft 
aiming  at  an  absolute  determination,  but  rather  at  the  effects  of  temperature  and  the  mixing 
of  gases  upon  viscosity  and  their  capillaries  were  too  small  (of  the  order  .007  cm.)  to  make 
possible  an  absolute  determination  of  Ugh  accuracy.  Their  agreement  among  themsdves 
upon  a  value  wliich  is  about  1.3  per  cent,  too  high  is  partly  accounted  for  by  the  fact  that 
everal  of  them  used  tbe  same  tube.  None  of  the  m  made  any  effort  to  eliminate  the  neces- 
sarily large  error  in  the  measurement  of  so  small  a  bore  (which  appears  in  the  result  in  the 
fourth  power)  by  taking  the  mean  of  q  from  a  considerable  number  of  tubes. 
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A  second  question  which  might  be  raised  in  connection  with  ti  i»  a» 
to  whether  the  medium  offers  predtely  the  same  re«8tance  to  the  motion 
through  it  of  a  heavily  chained  drop  as  to  that  of  an  uncharged  drop. 
This  question  has  been  carefully  studied  and  definitely  answered  in  the 
affirmative  by  the  following  work  (cf.  {S  6  and  lo). 

3-  The  Speeds  vi  and  vi. 

The  accuracy  previously  attained  in  the  measurement  of  the  times  of 
ascent  and  descent  between  fixed  croes^hairs  was  altogether  satisfactory, 
but  the  method  which  had  to  be  employed  for  finding  the  magnifying 
power  of  the  optical  system,  i.  e.,  for  finding  the  actual  distance  of  fall 
of  the  drop  in  centimeters,  left  something  tp  be  deured.  This  optical 
system  was  before  a  short-focus  telescope  of  such  depth  of  focus  that  it 
was  quite  impossible  to  obtaia  an  accurate  measure  of  the  distance 
between  the  cross-hairs  by  simply  bringing  a  standard  scale  into  sharp 
focus  immediately  after  focuung  upon  a  drop.  Accordri^ly,  as  stated 
in  the  original  article,  the  standard  scale  was  set  up  at  the  exact  distance 
from  the  telescope  of  the  pin-hole  through  which  the  drop  entered  the 
field.  This  distance  could  be  measured  with  great  accuracy  but  the 
procedure  ossutHed  that  the  drop  remained  exactly  at  this  distance  throughout 
the  whole  of  any  observation,  sometimes  of  seseral  hours  duration.  But  if 
there  were  the  slightest  lack  of  parallelism  between  gravity  and  the  lines 
of  the  electric  field  the  drop  would  be  obliged  to  drift  slowly,  and  always 
in  the  same  direction,  away  from  this  position,  and  a  drift  of  5  mm.  was 
enough  to  introduce  an  error  of  i  per  cent.  Such  a  drift  could  in  no  way 
be  noticed  by  the  observer  if  it  took  place  in  the  line  of  sight;  for  the  speeds 
of  the  drops  were  changing  very  slowly  anyway  because  of  evaporation, 
fall  in  the  potential  of  the  battery,  etc.,  and  a  change  in  time  due  to  such 
a  drift  would  be  completely  masked  by  other  causes  of  change.  This 
source  of  uncertainty  was  well  recognized  at  the  time  of  the  earlier 
observations  and  steps  were  taken  at  the  beginning  of  the  present  work  to 
eliminate  it.  It  was  in  fact  responsible  for  an  error  of  nearly  two  per 
cent. 

A  new  optical  system  was  built,  consisting  of  an  achromatic  objective 
of  28  mm.  aperture  and  12.5  cm.  focal  length  and  an  eyepiece  of  12  mm. 
focal  length.  The  whole  system  was  mounted  in  a  support  which  could 
be  moved  bodily  back  and  forth  by  means  of  a  horizontal  screw  of  ^  mm. 
pitch.  In  an  observation  the  objective  was  35  cm.  distant  from  the  drop, 
which  was  kept  ccmtinually  in  sharp  focus  by  advancing  or  withdrawing 
the  whole  telescope  system.  The  depth  of  focus  was  so  small  that  a 
motifui  of  H  in>n.  blurred  badly  the  image  of  the  drop.    The  eyepiece 
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was  provided  with  a  scale  having  So  horizontal  dividons  and  the  distance 
between  the  extreme  divisions  of  this  scale  (the  distance  of  fall  in  the 
{ollowii^  experiments)  could  be  re^larly  duplicated  with  an  accuracy  of 
at  least  I  part  in  1,000,  by  bringing  a  standard  scale  (Soci6t£  Genevoise) 
into  sharp  focus.  (The  optical  path  when  the  scale  was  viewed  was 
made  exactly  the  same  as  when  the  drop  was  viewed.)  The  distance  of 
fall,  then,  one  of  the  most  uncertain  factors  of  the  preceding  determi* 
nation,  was  now  known  with  at  least  this  degree  of  precision. 
■  The  accuracy  of  the/tnwdeterminationscanbe  judged  fromthedatain 
Tables  IV .-XIX.  On  account  of  the  great  convenience  of  a  direct-reading 
instrument  these  time  measurements  were  all  made,  not  with  a  chrono- 
graph, as  heretofore,  but  with  a  Hipp  chronoscope  which  read  to  0,002 
second.  This  instrument  was  calibrated  by  comparison  with  the  standard 
Ryerson  Laboratory  clock  under  precisely  the  same  conditions  as  those 
under  which  it  was  used  in  the  observations  themselves  and  found  to  have 
an  error  between  o  and  0.2  per  cent,  depending  upon  the  time  interval 
measured.  For  the  sake  of  enabling  others  to  check  all  the  computa- 
tions herein  contained  if  desired,  as  well  as  for  the  sake  of  showir^  what 
sort  of  consistency  was  attained  in  the  measurement  of  time  intervals 
there  are  g^ven  in  Table  11.  the  calibration  readings  for  the  30  sec.  interval 
and  in  Table  III.  the  results  of  similar  readings  for  alt  the  intervals  used. 


-Table  II. 


Table  III. 


Qocktauml. 

".^::s^ 

.C^-OAPPU^. 

29.962      ■ 

29.990 

6 

6.0146 

-0.26 

29.988 

29.958 

10 

10.0018 

0.00 

29.986 

29.920 

16 

16.0080 

0.00 

29.930 

29.972 

20 

19.9835 

+0.07 

29.964 

29.976 

30 

29.9695 

+0.10 

30.002 

30.006 

40 

39.9436 

+0.14 

29.940 

29.979 

60 

59.9072 

+0.16 

29.998 

30.018 

114 

113.795 

+0.20 

29.930 

29.926 

120 

119.782 

+0.20 

29.967           1           29.972 

Corr'n  -  +.1  per  cent. 

The  change  in  the  per  cent,  correction  with  the  time  interval  employed 
is  due  to  the  difference  in  the  reaction  times  of  the  m^net  and  spring 
contact  at  make  (beginning)  and  at  break  (end).  AH  errors  of  this  sort 
are  obviously  completely  eliminated  by  making  the  calibration  observa- 
tions under  precisely  the  same  conditions  as  the  observations  on  the  drop. 
In  Tables  IV.  to  XIX.  the  recorded  times  are  the  uncorrected  chron<:^;!ra|A 
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readings.  The  corrections  are  obtained  by  interpolation  in  the  last 
column  of  Table  III. 

Under  the  head  of  possible  uncertainties  in  the  velocity  determinations 
are  to  be  mentioned  also  the  effects  of  a  distortion  of  the  drop  by  the 
electric  field.  Such  a  distortion  would  increase  the  surface  of  the  drop, 
and  hence  the  speed  imparted  to  it  per  dyne  of  electric  lorce  would  not 
be  the  same  as  the  speed  imparted  per  dyne  of  gravitational  force  when 
the  field  was  off  and  the  drop  had  the  spherical  form.  The  following 
observations  were  made  in  such  a  way  as  to  bring  to  light  such  an  effect 
if  it  were  of  sufficient  magnitude  to  exert  any  influence  whatever  upon 
the  accuracy  of  the  determination  of  e  by  this  method  (cf.  §§  6  and  10). 

Similarly  objection  has  been  made  to  the  oil-drop  method  on  the  ground 
that,  on  account  of  internal  convection,  fluid  drops  would  not  move 
through  air  with  the  same  speed  as  solid  drops  of  like  diameter  and  mass. 
Such  objection  is  theoretically  unjustifiable  in  the  case  of  oil  drops  of  the 
sizes  here  considered.'  Nevertheless  the  experimental  demonstration  of 
its  invalidity  is  perhaps  worth  while  and  is  therefore  furnished  below. 

4.  The  Radius  "o." 

The  radius  of  the  drop  enters  only  into  the  correction  term  (see  equa- 
tion 4)  and  so  long  as  this  is  small  need  not  be  determined  with  a  high 
degree  of  precision.  It  is  most  easily  obtained  by  the  following  procedure 
which  differs  slightly  from  that  originally  employed  (I.  c,  p.  379). 

It  will  be  seen  that  the  equation  (1.  c,  p.  353) 


'  Fe  —  mg 


(6) 


contains  no  assumption  whatever  save  that  a  given  body  moves  through 
a  given  medium  with  a  speed  which  is  proportional  to  the  force  act- 
ing upon  it.  Substitution  in  this  equation  of  m  -  ^wa*(a  —  p)  and  the 
solution  of  the  resulting  equation  for  a  gives 


'-€ 


Ifl H^  (rt 


V4Tg(<r  -  p)  (p,  +  Vi)  " 

The  substitution  in  this  equation  of  an  approximately  correct  value  of  e 
yields  a  with  an  error  but  one  third  as  great  as  that  contained  in  the 
assumed  value  of  e.  The  radius  of  the  drop  can  then  be  determined  from 
(7)  with  a  very  high  degree  of  precision  as  e  becomes  more  and  more 
accurately  known.  In  the  following  work  the  value  of  e  substituted  in 
(7)  to  obtain  a  was  4.78  X  io~'»  but  the  flnal  value  of  e  obtained  would 

'  Hadamud,  Compi.  Kendiu,  1911. 
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not  have  been  appreciably  different  if  the  vahie  aubstituttd  in  (7)  to 
obtain  a  had  been  5  per  cent,  or  6  per  cent,  in  error.  The  determination 
of  a  therefore  introduces  no  perceptible  error  into  the  evaluation  of  e. 

5.  The  Coerection-Term  Constant  A. 

This  constant  was  before  graphically  determined  (1.  c,  p.  379)  by 

plotting  the  values  of  e^  as  ordinates  and  those  of  Ija  as  abscissae  and 

observing  that  if  we  let  «  ■"  Ija,  y  —  e,'  and  yo  -  «•  equation  {3)  may 

be  written  in  the  form 

y^(i-\-Ax)~y  (8) 


dy 

dx  slope 


y  mtercept 


(9) 


Now  even  if  the  slope  were  correctly  determined  .by  the  former  observa- 
tions ail  of  the  above-mentioned  sources  of  error  would  enter  into  the 
value  of  the  intercept  and  hence  would  modify  the  value  of  A. 

As  a  matter  of  fact  however  the  accuracy  with  which  the  slope  itself 
was  determined  could  be  much  improved,  for  with  the  preceding  arrange- 
ment it  was  necessary  to  make  all  the  observations  at  atmospheric  pres- 
sure and  the  only  way  of  varying  Ija  was  by  varying  a,  i.  e.,  by  using 
drops  of  different  radii.  I  But  when  a  was  very  small  the  drops  moved 
exceedingly  slowly  under  gravity  and  the  minutest  of  residual  convection 
currents  produced  relatively  large  errors  in  the  observed  speeds,  «.  «,, 
in  «i.  If  for  example  the  time  of  fall  over  a  distance  of  2  mm.  is  30 
minutes  it  obviously  requires  an  extraordinary  degree  of  stagnancy  to 
prevent  a  drift  in  that  time  of  say  .2  mm.  due  to  convection.  But  this 
^rould  introduce  an  error  of  10  per  cent,  into  ei.  Furthermore  with  these 
slow  drops  Brownian  movements  introduce  errors  which  can  only  be 
eliminated  by  taking  a  very  Large  number  of  readings'  and  this  is  not  in 
general  feasible  with  such  drops.  It  is  quite  impossible  then  by  working 
at  a  single  pressure  to  obtain  from  the  graph  mentioned  above  a  line 
long  enough  (1.  c,  p.  379)  to  make  the  determinatipn  of  its  slope  a  matter 
of  great  precision.  Accordingly  is  the  new  observations  the  variaticm  of 
l/a  was  effected  chiefly  through  the  variation  of  /,  i.  e.,  of  the  pressure  p, 
rather  than  of  a.  This  made  possible  not  only  the  accurate  evaluation 
of  e,  but  also  the  solution  of  the  interesting  question  as  to  the  law  of 
fall  of  a  given  drop  through  air  at  reduced  pressures.  • 

>  Fltteber.  PBn;  Krr..  33.  p.  9>-  >pii- 
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6.  Metbod  op  Testing  the  Assuuptions  Involved  in  the  Oh^Decv 
Method. 
In  order  to  malce  clear  the  method  of  treatment  of  the  following 
observations  a  brief  coneideradon  of  the  assumptiong  underljdng  the 
oil-drop  method  must  here  be  made.  These  assumptions  may  be  stated 
thus: 

1 .  The  drag  which  the  medium  «Eerts  upon  a  given  drop  is  unaffected 
by  its  charge. 

2.  Under  the  conditions  of  observation  the  oil  drops  move  through 
the  medium  essentially  as  would  solid  spheres.  This  assumption  may 
be  split  into  two  parts  and  stated  thus:  Neither  (2a)  distcniions  due  to 
the  electric  field  nor  {2b)  internal  convection  within  the  drop  modify 
appreciably  the  law  of  motion  of  an  oil  drop.* 

3.  The  density  of  oil  droplets  is  independent  of  their  radius  down  to 
a  —  .00005  c^- 

Of  these  assumptions  (2a)  is  the  one  which  needs  the  most  careful 
experimental  test.*  It  will  be  seen  that  it  is  contained  in  the  fundamental 
e<^uation  of  the  method  (see  (7))  which  may  be  written  in  the  form 

f .  -  ^  (oi  +  Pi).  (10) 

Or  still  more  conveniently  in  the  form 

in  which  tg  and  tf  are  the  respective  time  intervals  required  by  the  drop 
to  fall  under  gravity  and  to  rise  under  the  field  F  the  distance  between 
the  cross- hairs. 

In  order  to  see  how  the  assumption  under  consideration  can  be  tested 
let  us  write  the  corresponding  equation  after  the  same  drop  has  caught 
n'  additional  units,  namely, 

The  subtraction  of  (11)  from  (12)  gives    - 

mi*.  /  I        I  \  ,    . 

>U.  BriUouin  bM  ia  addldon  tuggtatcd  (Me  p.  149.  La  Thfoii*  du  RaTouncmeat  M  let 
QiKwu)  Uut  tta*  draiM  may  be  diitoitcd  by  tbc  aulcculor  bombardntent,  but  EUatdn'i 
r^7  (Lc,  p.  ijo)  to  tkls  (uggettion  1*  altoiethet  imaniwtrable.  and.  ta  addlUaa.  inch  a 
diatactioa,  it  it  editod,  would  malu  the  taIim  of  *  given  by  the  (Mt^hop  method  too  tmalt 
\atttmi  «i  too  larsc. 

■  Pnfenor  Luim  )uu  however  Bubjeded  it  to  a  thcndlcal  study  and  ha»  la  tfaie  «*r  damm- 
•tnted  invalidity  (Ph^s-  Rbv.,  XXXV..  p.  taj.  19").  'oOi 
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Now  equations  (ll)  and  (12)  show,  since  mgtJF  remains  constant,  that 
as  the  drop  changes  charge  the  successive  values  of  its  charge  are  propor- 
tional to  the  successive  values  assumed  by  the  quantity  ii/t,+  ijtf) 
and  the  elementary  charge  itself  is  obviously  this  same  constant  factor 
mgi,IF  multiplied  by  the  greatest  common  divisor  of  all  these  successive 
values.  It  is  to  be  observed  too  that  since  i/t,  ts  in  these  experiments 
generally  lai^e  compared  to  i/tf  the  value  of  this  greatest  common 
divisor,  which  will  be  denoted  by  (i/t,  +  i/tf.)t,  is  determined  primarily 
by  the  time  of  fall  umler  gravity,  and  is  but  little  affected  by  the  time  in 
the  field.  On  the  other  hand  equation  (13)  shows  that  the  greatest 
commondivisorof  the  various  values  of  (i///  —  i/f,),  which  will  be  desig- 
nated by  (i/(/  —  !/'/■)«>  when  multifdied  by  the  same  constant  factor 
"g'e/^.'salso  the  elementary  electrical  charge.  In  other  words  (i//» -I- 1//^)» 
and  (i/(/  ~  i/^y)»  are  one  and  the  same  quantity,  but  while  the  first  repre- 
sents essentially  a  speed  measurement  when  the  field  is  off,  the  second 
represents  a  speed  measurement  in  a  powerful  electric  field.  If  then  the 
assumption  under  consideration  is  correct  we  have  two  independent  ways 
of  obtaining  the  quantity  which  when  multiplied  by  the  constant  factor 
mgtgjF  is  the  elementary  electrical  charge,  but  if  on  the  other  hand  the 
distortion  of  the  drop  by  the  field  modifies  the  law  of  motion  of  the  oil 
drop  through  the  medium  then  (i//,  -|-  i/i,)o  and  (i/(/  -  i/(,)o  will  not 
be  the  same.  Now  a  very  earful  experimental  study  of  the  relations  of 
(i/lf  +  i//,)o  and  (i///  —  i/tf)o  shows  so  perfect  agreement  that  no  effect  of 
distortion  in  changing  measurably  the  value  of  e  can  be  admitted}  (See 
Tables  IV.  to  XIX.) 

Turning  next  to  assumption  (i),  this  can  be  tested  in  three  ways,  all  of 
which  have  been  tried  with  negative  results.  First  a  drop  containing  from 
one  up  to  six  or  seven  elementary  charges  can  be  completely  discharged 
and  its  time  of  fall  under  gravity  when  unchained  compared  with  its  time 
when  charged.  Second,  the  multiple  relationships  shown  in  the  succes- 
sive charges  carried  by  a  given  drop  may  be  very  carefully  examined. 
They  cannot  hold  exactly  if  when  the  drop  is  heavily  charged  it  suffers  a 
larger  drag  from  the  medium  than  when  it  is  lightly  charged.  Third, 
when  drops  having  widely  different  charges  and  different  masses  are 

■  It  may  be  pointed  out  In  puBing  that  the  above  diacuMlaa  brings  to  light  a  method  of 
obtalnint<vhichl«itidepei>d«iitol'svl«coaltymeBaurement;for(i/lr'  —  i/'r)i  can  be  obtained 
for  •  body  irtildi  1>  heavy  enough  to  be  weighed  upon  a  micro-balance.  Such  a  body  mnild 
fall  so  rapidly  that  i/lfCouldDotbeineaaured,  but  It  could  be  computed  from  the  meaMU«ineat 
of  iHr'  and  t/(r  and  the  equation  {lit,  -h  i/if)t-  (i/ir'  -  i!trit.  Eltber  (13)  or  (ij)  could 
then  be  Mlvcd  for  t  after  m  bad  been  determined  by  direct  nreJghiiig.  A  con«ldeiathMi  of  the 
■ounx*  of  error  in  this  method  ibowa  however  that  it  cannot  be  made  ai  accurate  aa  the  present 
method  whkli  involves  the  coefficient  of  vlacodty  of  air. 
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brought  to  the  same  value  of  l/a  by  varying  the  pressure,  the  value  of  d 
(which  is  proportional  to  (vi  +  i>t)t),  should  come  out  smaller  for  the 
heavily  than  for  the  lightly  charged  drops.  The  following  observations 
show  that  this  is  not  the  case. 

The  last  criterion  ts  also  a  test  for  (26)  for  if  internal  convection  modifies 
the  speed  of  fall  of  a  drop  as  Perrin  wishes  to  assume  that  it  may,'  it  must 
play  a  smaller  and  smaller  rfile  as  the  drop  diminishes  in  size,  hen<x  vary- 
ing Ifa  by  diminishing  a  cannot  be  equivalent  to  varying  //a  by  increasing 
I,  In  other  words  the  value  of  ei  obtained  from  work  on  a  large  drop  at 
a  low  pressure  should  be  different  from  that  obtained  from  work  on  a 
small  drop  at  so  high  a  pressure  that  l/a  has  the  same  value  as  for  the 
lai^e  drop. 

Finally  if  the  density  of  a  small  drop  is  greater  than  that  of  a  large  one 
(see  assumption  3)  then,  for  a  given  value  of  l/a,  the  small  drop  will  show 
a  larger  value  of  «■  than  the  large  one  inasmuch  as  the  computation 
of  «i  is  based  on  a  constant  value  of  a.  The  fact,  then,  that  for  a  given 
value  of  l/a  the  value  of  e-y  actually  comes  out  independent  of  the  radius  or 
charge  of  the  drops  shows  conclusively  either  that  no  one  of  these  passive 
sources  of  error  exists,  or  else  that  they  neutralise  one  another  so  that  for 
the  purposes  of  tkis  experiment  they  do  not  exist.  That  they  do  not  exist 
at  all  is  shown  by  the  independent  theoretical  and  experimental  tests 
mentioned  above.  This  removes  I  think  every  criticism  which  has  been 
suggested  of  the  oil-drop  method  of  determining  e  and  N.  y 

7.    SUMUABY  OF    lUFROVEHENTS  IN   METHOD. 

In  order  to  obtain  the  consistency  shown  in  the  following  observations 
it  was  found  necessary  to  take  much  more  elaborate  precautions  to 
suppress  convection  currents  in  the  air  of  the  observing  chamber  than 
had  at  first  been  thought  needful. 

To  recapitulate,  then,  the  improvements  which  have  been  introduced 
into  the  oil-drop  method,  consist  in  (i)  a  redetermination  of  q;  (2)  an 
improved  optical  system;  (3)  an  arrangement  for  observing  speeds  at  all 
pressures;  (4)  the  more  perfect  elimination  of  convection;  (5)  the  experi- 
mental proof  of  the  correctness  of  all  the  assumptions  underlying  the 
method,  viz.,  (a)  that  a  charge  does  not  alter  the  drag  of  the  medium  on 
the  charged  body;  (6)  that  the  oil  drops  act  essentially  like  solid  spheres; 
(c)  that  the  den»ty  of  the  oil  drops  is  the  same  as  the  density  of  the  oil 
in  bulk. 

■  La  Thforie  du  Rayonnement  et  Its  Quanta,  p.  339 — Rapporti  «t  Diacutsloni  de  la 
RtunioD  tenueiBruxeUee.Novembiv.  1911.     Edited  byLantevin  andde  BrogUe.     CwUhlei- 
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8.  The  Experimental  Arkangeuents. 
The  experimental  arrangements  are  shown  in  Fig.  i.  The  brass  vessel 
D  was  built  (or  work  at  all  pressures  up  to  15  atmospheres  but  nnce 
the  present  observations  have  to  do  only  with  pressures  from  76  cm.  down 
these  were  measured  with  a  very  carefully  made  mercury  manometer  m 
which  at  atmospAeric  pressure  gave  precisely  the  same  reading  as  a 


Fig.  1. 

standard  barometer.  Complete  stagnancy  of  the  air  between  the  con- 
denser  plates  M  and  JV  was  attained  first  by  absorbing  all  of  the  heat 
rays  from  the  arc  A  by  means  erf  a  water  cell  w.  So  cm.  long,  and  a  cupric 
chloride  cell'  d,  and  second  by  immersing  the  whole  vessel  i>  in  a  constant 
temperature  bath  G  of  gas-engine  oil  (40  Uters)  which  permitted,  in 
general,  fluctuations  of  not  more  than  .02°  C.  during  an  observation. 
This  constant  temperature  bath  was  found  essential  if  such  consistency 
of  measurement  as  is  shown  below  was  to  be  obtained.  A  long  search  tor 
causes  of  slight  irregularity  revealed  nothii^  so  important  as  this  and 
after  the  bath  was  installed  all  of  the  irregularities  vanished.  The 
atomizer  A  was  blown  by  means  of  a  puff  of  carefully  dried  and  dust-free 
air  introduced  through  the  cock  e.  The  air  about  the  drop  p  was  ionized 
)  Sto  Cobhotz.  BuUetin  of  tbe  Bureau  of  Standard*,  Vftuhtngioii.  D.  C.  VoL  7.  P>  Mo. 
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when  desired  by  meana  of  Rdat^n  rays  from  X  whidi  readily  paoed 
through  the  glass  window  {. , To  the  three  windows  £  (two  only  are  shown) 
in  the  brass  vessel  D  correspond,  of  course,  three  windows  in  the  ebonite 
strip  c  which  encirctes  the  condenser  plates  M  and  N.  Through  the 
third  of  these  windows,  set  at  an  angle  oi  about  18°  from  the  line  Xpa 
and  in  the  same  horizontal  plane,  the  oil  drop  is  observed. 

9.  The  Observations. 

The  record  of  a  typical  set  of  readings  on  a  given  drop  is  shown  in 
Table  IV.  The  first  column,  headed  /„  gives  the  successive  readings  on 
the  time  of  descent  under  gravity.  The  fourth  column,  headed  (f,  gives 
the  successive  times  of  ascent  under  the  influence  of  the  field  F  as 
measured  on  the  Hipp  chronoscope.  These  two  columns  contain  all 
the  data  which  is  used  in  the  computations.  But  in  order  to  have  a 
test  of  the  stagnancy  of  the  air  a  number  of  readings  were  also  made  with 
a  stop-watch  on  the  times  of  ascent  through  the  first  half  and  through  the 
whde  distance  of  ascent.  These  readings  are  found  in  the  second  and  third 
columns,  the  times  for  the  first  half  under  the  head  H'r.>  ^^^  times  for  the 
whole  distance  under  the  head  f^,.  It  will  be  seen  from  these  readings 
that  there  is  no  indication  whatever  of  convection,  since  the  readii^ 
for  the  one  half  distance  have  uniformly  one  half  of  the  value  of  the 
readings  for  the  whole  distance,  within  the  limits  of  error  of  a  stop-watdi 
measurement.  This  sort  of  a  test  was  made  on  the  majority  of  the  drops, 
but  since  no  further  use  is  made  of  these  stop-watch  readings  they  will 
not  be  given  in  succeeding  tables. 

The  fifth  colunm,  headed  i/tf,  contains  the  reciprocals  of  the  values 
in  the  fourth  column  after  the  correction  found  from  Tables  11.  and  ill. 
has  been  applied.  The  sixth  column  contains  the  successive  differences  in 
the  values  of  ift,  resulting  from  the  capture  of  ions.  The  seventh  column, 
headed  n',  contains  the  number  of  elementary  units  caught  at  each  change, 
a  number  determined  simply  by  observing  by  what  number  the  quantity 
just  before  it  in  column  6  must  be  divided  to  obtain  the  constancy  shown 
in  the  eighth  column,  which  contains  the  successive  determinations  of 
(l/V  ~  >/'/■)»  (see  §6).  Similarly  the  ninth  column,  headed  n,  gives 
the  total  number  of  units  of  charge  on  the  drop,  a  number  determined 
predsely  as  in  the  case  of  the  numbers  in  the  seventh  column  by  observing 
by  what  numbers  the  successive  values  of  (i/tg  +  i/t^)  must  be  divided 
to  obtain  the  constancy  shown  in  the  tenth  column,  which  contains  the 
successive  values  of  (i/t^  +  1/^)1).  Since  n'  ts  always  a  small  number 
and  in  some  of  the  changes  almost  always  has  the  value  i  or  2  its  deter- 
mination for  any  change  is  obviously  never  a  matter  of  the  aligjitest 
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uncertainty.  On  the  other  hand,  n  is  often  a  large  number,  but  with 
the  aid  of  the  known  values  of  «'  it  can  always  be  found  with  absolute 
certainty  so  long  as  it  does  not  exceed  say  too  or  150.  It  will  be  seen 
from  the  means  at  the  bottom  of  the  eighth  and  the  tenth  columns 
that  in  the  case  of  this  drop  the  two  ways  discussed  in  §  6  of  obtaining 
the  number  which  when  multiplied  by  mgtJF  is  the  elementary  electrical 
charge  yield  absolutely  identical  results. 

Table  IV. 

Drop  No.  e. 


aie. 

ja 

't^. 

e^ 

'f 

(i-r,) 

■■ 

^5-.-;)|" 

Kj-,-,) 

11.848 

39.9 

80.2 

80.708 

.01236  -. 
.04470  1 
.007192 

18 

.005366 

11.890 

11.2 

22.4 

22.366' 

.03234 

6 

.005390 

11.908 

22.390 

24 

.005371 

11.904 

11.2 

22.4 

22.368 

.03751 

7 

.005358 

11.882 

70.6 

140.4 

140.565 

.005348 

.005348 

17 

.005375 

11.906 

39.9 

79.6 

79.600 

.01254 

1 

18 

.005374 

11.838 

34.748 

.01616 

3 

.005387 

11.816 

34.762 

.02870 

21 

.005376 

11.776 

34.846 

11.840 

29.286 

.03414  1 
.007268  { 

22 

.005379 

11.904 

14.6 

29.3 

29.236 

.026872 

5 

.005375 

11.870 

69.3 

137.4 

137.308 

.021572 

4 

.005393 

17 

.005380 

11.952 

17.6 

34.9 

34.638 

.02884 

21 

.005382 

11.860 

.01623 

3 

.005410 

11.846 
11.912 

22.104] 
22.268J 

.04507 

.04307 

8 

.005384 

24 

.005386 

U.910 

SOO.l 

.002000| 

16 

.005387 

11.918 
11.870 

19.704] 
19.668] 

.05079 

.04879 

9 

7 

.005421 

25 

.005399 

11.888 

77.6301 
77.806J 
42.302 

.01285 
.02364 

.03874 

.005401 

18 
20 

.005390 

11.894 
11.878 

38.9 
21.0 

77.6 
42.6 

.01079 

2 

.005395 

.005392 

11.880 

1 

Means 

.005384 

Duration  of  eip 

-  45  min.. 

Plate  dteunce 

FaU  distance 

-  10.11  mm., 

Imtiol  volts 

-  5,088.8. 

Final  volts 

-  5,081.2. 

Temperature 

-  22.82°  C. 

Pressure 

-  75.61  cm.. 

Oil  deiwity 

-  .91«. 

Air  viscosity' 

-  1,814  X  10- 

Radius  (a) 

-  .000376  cm. 

-  .034, 

Speed  of  fall 

-  .08584  cra./»i 

•■  -  4.991 

X  10-". 

■  In  the  above  and  in  all  the  following  tables  the  computations  v 
the  assumption  qu  ~  >>835  X  io~'  instead  of  ifu  —  1,814  X  to"*  (se< 
I  he  latter  value  has  been  made  only  in  the  final  value  of  *  (see  \  to) 
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Table  V. 

Drop  No.  le. 


t. 

*r 

'r 

n* 

Mi-y 

^k(H) 

18.638 

18.686 

18.689 
18.730 

17.7S6-| 
17.778J 

.056281 

5 

.006908 

16 

.006853 

r«-5106 

18.686 
18.726 

45.9781 
45.870j 

.02174) 

11 

.006832 

F/-S100 
t~23.r  c. 

18.772 
18.740 

45.716-| 
45.758J 

.0218261 
.001441' 

3 

.006795 

8 

.006851 

^-74.68 
n -.05449 

18.724 

694.0 

5 
4 
2 

.006860 
.006825 
.006866 

a -.0002188 

18.720 

27.95 

.03574 

13 

.006855 

i/a -.04390 

18.816 

118.388 

.008439 

9 

.006868 

Bi -5.065 

18.816 

45.030 

.02217 

11 

.006867 

18.716 

34.564 

.02890 

12 

.006856 

18.804 

44.826 

.02227  ■ 

.006876 
.006889 

11 

.006876 

18.746 

117.198 

.008518 1 

' 

! 

.006876 

18.746 

44.784 

.022295 ' 

^ 

1] 

.006879 

18.790 

ia.738 

.006860 

.006861 

1 

Table  VI. 

Drop  No.  14. 


ft 

'/• 

'r 

■■ 

i(4-r,) 

- 

i(bi) 

18.606 

18.732 

18.784 

18.700 

46.172 

.02163 

11 

.006820 

18.730 

17.896 
17.818 

.05600  1 

5 

.006874 

K*-S077 

18.652 

16 

.006833 

;'/-S073 

18.656 

46.328 

1 

5 

.006886 

(-23.09"  C. 

18.730 

46.258 

.02157 

11 

.006815 

^-75.28 

18.760 

46.266 

.006803 

p, -.05451 

18.708 

67.473 

' 

a -.0002185 

18.658 

67.148 

.01484  . 
.05588  * 

1< 

.006823 

J/a -.01348 

18.668 

67.148 

6 

.006840 

e, -5.064 

18.826 

17.896 

16 

.006831 

18.710 
18.802 

15.8681 
I5.854J 

.06305   ■, 

9 

.006853 

" 

.006850 

1J.778 
18.790 
18.846 

730.0 
23.376-1 
23.SO4J 

.001370 > 
.04266  ! 

6 
4 

.006882 
.006850 

S 
14 

.006845 
.006861 

18.80* 

65.416 

.01526  , 
.006389  { 
.001605' 

.006871 
.006784 

1( 

.006865 

18.662 

118.970 

' 

( 

.006864 

18.70* 

622.8 

' 

8 

.006874 

18.730 

.006850 

.006844 

db,  Google 


126 


R.  A.  itILUKAN. 


T3«ooM» 


In  order  to  show  the  sort  of  consistency  attained  in  this  work  the 
complete  records  are  given  in  Tables  V.,  VI.,  VII.,  VIII.  and  IX,  of  five 
drops  of  practically  the  same  size,  taken  at  very  nearly  the  same  pressures. 
These  are  the  only  dro[>s  of  this  size  which  were  observed  with  the  present 
arrangement  so  that  they  represent  the  regular  run  of  observations  rather 
than  a  selected  group.  The  symbols  in  the  last  column  V,-,  V/,  t,  p,  Vi, 
and  a  stand  for  initial  volts,  'final  volts,  tem[>erature,  pressure,  velocity 
under  gravity,  and  radius,  respectively.  It  will  be  seen  from  the  second 
columns  (see  Table  V.)  that  in  general  in  spite  of  the  precautions  taken 
against  evaporation  (1.  c,  p.  388)  the  drops  do  evaporate  very  slowly, 
since  with  a  given  charge  the  speed  in  the  field  very  sk>wly  increases.  It 
is  for  this  reason  that  the  numbers  in  the  next  to  the  last  column  tend  to 
increase  very  lightly.  This  slow  change  introduces  no  error  into  Ci, 
provided  corresponding  values  of  l,,  tf  and  V  (volts)  are  combined  to 
obtain  e\.    The  meaa  values  taken  throughout  the  same  time-interval 

Table  VII. 

Drop  No.  18. 


', 

'f 

a- 

i(,-j-7i) 

n 

iibh) 

18.626 

18.716 

18.602 
18.634 
18.694 

21.206, 
2I.U0J 
72.590 

5 

.006820 

15 
10 

.006716 
.006726 

Vi-5030 

18.676 

36.454 

^ 

12 

.006742 

V,-5018 

18.598 

48.870 

2 

.006735 
.006792 
.006732 

11 

.006725 

(-23.0''C. 

18.612 

142.838 

9 

.006722 

p- 76.06 

18.622 

72.428 

2 

10 

.006729 

11 -.05463 

18.795 

36,722 
36.652 
36.602-' 

a -.0002191 

18.732 

12 

.006729 

J/a -.04290 

18.780 

3 
2 

.006719 
.006799 

«,-S.043 

18.736 
18.754 

140.891 
48.302 

9 

.006732 

18.712 

48.266 

4 

'  .006756 

11 

.006745 

18.760 

20.942 

15 

.006747 

18.716 

18.740 

18.693 

.0067X3 

.006731 

constitute  such  corresponding  values.  ,  On  account  of  this  slow  diange, 
however,  the  readings  from  which  the  differences  (i/V  ~  l/M  ^i^  taken 
should  be  separated  by  as  small  a  time  interval  as  possible.  It  is  for 
this  reason  that  in  Table  V.,  for  example,  to  obtain  the  difference  (i/V 
—  l/(,)  corresponding  to  the  change  from  t,  =  45  sec.  to  i,  —  694  sec. 


_.00' 


glc 


electrical  cbargb  and  avooadro  constant. 
Table  VIII. 

Drop  No.  IB. 


h 

'r 

i-(6-Sr) 

+(i*-T) 

18.908 

18.948 
18.958 
18.950 

14.348^ 
14.3524 
45.070* 

.006790 

.006801 
.006813 

18.904 

34J38- 
34.432 

34.334-' 

r,-S085 

18.9S8 

.006816 

f/-S07l 

18.896 

*- 23.83'  C. 

19.0M 

44.864 

f- 75.24 

18.936 

34.430, 

.006807 
.006858 

«, -.05274 

18.980 

548.0     1 

.00620 

a -.0002 182 

19.030 

34.14  > 

j/a-. 04368 

18.872 

44.654.. 
44.520 
44.526-' 

o-sow 

18.80S 

.006831 

1S.910 

18.946 
18.936 
18.950 
19.030 
19.116 
19.018 

64.28  1 
114.404 
113.452 
63.934 
23.260 
23.350J 

.006766 

.006751 
.006728 

.006834 
.006835 
.006832 

18.959 

.006817 

,006823 

Table  IX. 

Drop  No.  n. 


'. 

'r 

■^ 

M^-i) 

n 

i(5-i) 

18.402 

18.556 

n-5065 

18.350 
18.470 

14.966^ 
14.870] 

6 

.006727 

18 

.006752 

V,  -5055 
1-23.06"  C. 

18.412 

37.376' 

^-73.47 

18.318 

37.59* 

12 

.006748 

e, -.05545 

18488 

37.368-" 

•  -.0002209 

18476 

50.228 

11 

.006749 

«/a -.04411 

18.406 

T6.134 

10 

.006742 

•1-5.054X10-'* 

18492 

155.6 

9 

.006749 

18.492 

18.415 

.006742 

.006748 

the  last  two  of  the  45  sec.  readings  are  averaged  instead  of  the  wiide 
four.  It  is  worthy  of  note,  too,  in  this  connection  that  if  a  chai^  in  the 
time  in  the  field  takes  {Jace  first  from  45  sec.  to  694  sec.  and  then  im- 
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Table  X. 
Drop  No.  4t. 


h 

'f 

■• 

M*-5) 

n 

'nih*^) 

18.360 

18.362 

18.328 
18.444 
18.442 

45.3781 
45.208-^ 
15.574' 

6 

.007027 

11 
17 

.006960 
.006983 

18.330 

17.468 

16 

.006983 

F/-4236 

18.428 

66.020^ 

(- 22.94' C 

18.174 
18.388 

122.600 
45.414 

2 

.006951 

9 

.006962 

^-15.72  cm. 

18.240 

45.110 

11 

.006960 

a -.0002060  cm. 

18.314 

45.282 

2 

.006911 

//a -.2210 

18.324 
18.312 

121.600 
121.20CH 

9 

.006971 

e,-«J44Xl«-" 

18.390 

1S.347 

.006078 

.00«0tf9 

Table  XI. 

Drop  No.  Jfi. 


'. 

'r 

it 

M,7-,7) 

« 

JU-i) 

25.856 
25.946 
25.890 

10.334^ 
10.342 
38.604 

10 

.007086 
.007195 
.007152 

19 
9 

.007121 
.007159 

25.876 

53.450 

3 

8 

.007154 

25.818 

24.906 

II 

.007152 

25.934 

30.248 

25.956 

30.016. 

3 

.007183 

10 

.007172 

25.876 

18.282' 

13 

.007174 

26.064 

16.216 

14 

.007159 

f- 14.68  cm. 

26.018 

24.860 

11 

.007161 

25.902 

21.062. 

12 

.007168 

B -.0001690  — ■ 

2 

.007155 

25.930 

20.884* 

J/a-.2886 

25.994 

21.130 

•,-6.7l»X10-» 

25.814 
26.012 

21.174 
85.922 

5 

.007170 
.007198 

7 

.007167 

25.904 

226.600 

6 

.007159 

25.816 

25.900 

.007160 

.007161 

b.Google 
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mediately  back  again  to  the  45  second  value  the  mean  of  the  two  values 
of  (i/V  ~  i/'r)  thus  obtained  is  independent  of  any  error  ariung;  from 
the  evaporation  of  the  drop.  For  this  reason  the  mean  value  of  the 
quantity  i/n'(i///  -'  i/(,)  is  in  general  much  more  trustworthy  than 
might  be  inferred  from  the  variation  in  the  individual  numbers  from 
which  this  mean  is  obtained. 

Table  XII. 

Drop  No.  S3. 


u 

'r 

1^ 

ife-5) 

» 

JU^i) 

33.432 
33.34<S 
33.172 
33.310 
33.380 
33.306 
33.346 
33.328 
33.684 
33.484 

28.494^ 
28.624 
20.806 
20.832' 
35.032 
28.548 
111.244 
400.000 
111.706 

3 

.006501 

.006503 
.006490 
.006505 
.006471 
.006436 

10 
12 

10 

.006491 
.006493 
.006491 
.006491 
.006482 
.006485 
.006475 

F,-2463 
V>- 2440.2 

1-23.16' C. 

^-12.61 

t, -.03055 

ffl -.0001439 
J/a-.3945 
•,-7.480  XlO-w 

33.379 

.0064S4 

.006487 

Table  XIII. 

Drop  No.  48. 


. 

-' 

M^-^)\  n 

'Ah^h) 

32.366 

20.330 

.04919 

13 

.006157 

F,-2561. 

32.398 
32.217 

23.140| 
23.230^ 

.04313 
.01231 

5 

.006164 
.006137 
.006142 

12 

.006165 

»'/-2557. 
t-22.81'  C. 

32.342 
32.358 

80.786^ 

7 

.006166 

^-15.35  cm. 
B, -.03150 

32.438 
32.412 

18.1 13^ 
18.144-1 

.05517 1 

6 

14 

.006144 

a -.0001501  cm. 
I/(i-.3I04 

32.236 

54.490 

.01832 

I 

.006147 

%,~MMXVr* 

32.424 

81.486 

.01224 

1 

.006080 

7 

.006156 

32.356 

.006131 

.006156 

Nevertheless  in  practically  all  of  the  following  work  in  view  of  the 
lai^e  number  of  observations  in  the  t,  (x>lumn,  the  mean  at  the  bottom 
of  the  column  ifnii/tf  +  i/(^)  is  considered  more  trustworthy  than  the 
mean  at  the  bottom  of  the  column  i/k'(i///  —  i/t^)  and  it  has  been  in 
fact  exclusively  used  in  the  computation  of  «i.  Only  in  the  case  of  2  or 
3  of  the  fastest  drops  (Tables  XVI.  and  XVII.)  are  the  uncertainties  in 
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Table  XIV. 

Drop  No.  1,7. 


rSKOHtt 


*. 

'r 

*r 

-' 

M^) 

" 

i(H) 

12.836 
12.994 

11.96&I 
11.938-' 

.08369 

42 

.003S40 

12.892 

10.704 

U 

.003812 

12.914 

29.3501 

12.930 

29.280 

.03411 

2<; 

.003851 

12.902 

29.108. 

12.838 

32.866-1 

F(-25S5. 

12.608 
12.920 

33.068 
32.894 

.03034. 

is 

.003854 

K/-2S45. 
(-22.83' C. 

12.886 

32.892 

f -9.70  cm. 

12.908 

29.204 

5 

.003858 

«i  ■■07921  cin./«ec. 

12.902 

32.9S0 

«-. 0002380  cm. 

12.916 
12.850 
12.854 
12.912 
12.908 
12.870 
12.882 

90.04<K 
90.152-' 
66.762-, 
66.65(H 

139.8n 

139.4-' 
66.942 

.01108 

.01496 

.00716 
.01492* 

1 
2 
3 

.003860 
.003898 
.003878 

23 

24 

22 
24 

.003855 

.003854 

.003852 
.003855 

J/a-.3097 

•i -6.841  X10-" 

12.891 

.003861 

.003852 

Table  XV. 

Drop  No.  41. 


u 

*F 

'r 

' 

M^-^,) 

« 

^(H) 

24.016 

42.1881 

24.142 

42.078 

.02369 

8 

.009336 

24.130 

42.098 

I 

.009380 

24.070 

69.900 

.01431 

.009389 
.009255 

6 

.009328 

K,-5065 

24.000 

203.200 

.004921 

4 

S 

.009316 

K/-50S9 

24.030 

23.844 

.04194 

9 

.009286 

i- 23.05''  C. 

24.046 

30.606 

8 

f>- 19.01  cm. 

24.028 

42.800 

t^ -.04253 

23.968 

42.944 

.02326) 

.009260 

7 

.009276 

a -.0001816 

24.018 

71.4001 

.01400{ 

^ 

6 

.009277 

yfl-.I394 

23.770 

I 

2 

.009395 

•,-«.owxio-» 

33.882 

30.652-" 

.03259^ 

.009282 

24.008 

J 

.009314 

.009301 

(i//«  +  i/V)o  greater  perhaps  than  those  in  {\\ir  "  i/lrh  and  in  these 
cases  the  two  were  so  near  together  that  there  was  no  object  in  usii^  the 
latter  instead  of  the  former.     It  should  be  stated  that  all  time  intoYals 
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longer  than  150  sec.  were  measured  with  the  stop-watch  rather  than  with 
the  chronoscope  and  are  not  subjected  to  the  corrections  in  Tables  II. 
and  III.  In  general,  too,  only  differences  in  t/  —  Ig.  amounting  to  as 
much  as  30  seconds  are  used  for  the  determination  of  (t/ff'  —  1//^)  since 
obviously  the  observational  error  is  lai^e  when  t,'  —  t^is  small. 

Table  XVI. 

Drof  No.  I. 


', 

., 

- 

*(^-i) 

n 

i(i*h) 

4.346 

17.514^ 
17.500 
46.724- 
46.494 
18.722 

11 
10 

.003244 
,003216 

89 
78 
88 

.003235 
.003233 
.003233 

4.310 

56.280^ 

77 

V(-S174 

4.376 

56.276 

9 

.003217 

K/-5162 

4.370 
4'.422 

21.362 
21.476 

86 

.003227 

(-23.00-  C. 
j>- 75.80  cm. 

4.290 

58.936 

4.392 

58.194 

77 

.003219 

a -.0005856 

4.360 

58.456 

f/a-. 01615 

4.346 
4.368 

38.904 
20.412 

10 

.003199 

«> -4.877  XIO-" 

4JSB0 

20.404 

87 

.003216 

i.ses 

20.322 

A 

10.710. 
10.660* 

101 

.003211 

20.290^ 
20.296^ 

87 

.003218 

4.328' 

.003226 

.0032245 

A  study  of  Tables  IV.  to  IX.  shows,  first,  a  striking  agreement  between 
the  valuesof  (i/V  —  !/(,)•  and  (i/f*  +  1/(^)0  the  largest  divergence  being 
found  in  Table  V.  where  it  amounts  to  0.3  per  cent.,  and  second,  a  satis- 
factory agreement  between  the  values  of  ci  obtained  from  the  different 

>  These  correctetl  dine*  in  Tablci  XVI.  uid  XVII.  are  obtained  by  a  slight  extrapolaUon 
upon  a  calibration  curve  [dotted  from  Table  III.  These  two  drop*  are  the  largest  used  and 
fall  too  rapidly  for  the  moat  accurate  work,  but  were  introduced  so  as  to  test  as  thoroughly 
as  possible  the  assumptions  tliat  even  the  largest  of  these  drops  fall  like  rigid  spheres  and  that 
))eavily  charged  drops  experience  noainore  drag  from  the  medium  than  do  uncharged  ones. 
The  drop  of  Table  XVII.  is  evaporating  more  rapidly  than  any  other  used  (tee  column  Iwi, 
probably  because  of  the  low  pressure  {4.46  cm.),  heoce  the  fourth  column  numbers  are  here 
obtained  only  from  immediately  adjacent  observatloDs  in  the  second  column.  Each  of  these 
fourth  column  numbers  ihows  the  influence  of  the  evaporation,  but  It  is  interesting  to  see  bov 
Jt  Is  eliminated  from  the  mean.  ..,  ^ 
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drops  of  approximateJy  the  same  size,  the  lai^est  divergence  from  the 
mean  value  being  here  too  0.3  per  cent. 

Table  XVII. 

Drop  No.  S6. 


<. 

'F 

' 

Uv-r) 

- 

JU.ij) 

5.092 

19.480 

5.010 

19.356 

136 

.001837 

5.082 

19.374 

S.044 

19.202 



29.214 
29.022 

127 

.001832 

5.044 

28.686 

Vi~\lQ\ 

5.030 
5.066 

38.688 
38.620. 
75.136  J 

7 

.001786 

122 

.001839 

K/-1699 
(-23.21' C. 
^-4.46  cm. 

5.120 

73.752 

117 

.001811 

D, -.20256 

5.046 
5.12s 
4.912 

72.758 1 
33.034*      ' 
32.788 

9 

.001837 

126 

.001814 

0-. 0003653  cm. 
i/o-.4396 

5.036 

39.956 

123 

.001814 

e, -7.777  XIO-" 

5.080 

46.790. 
80.820  > 

5 

.001796 

121 

.001814 
.001816 

cor-dto 

55.206 

3 

.001877 
.001823 

119 

.001810 

34.398' 

125 

.001818 

5.039> 

.001824 

.001821 

Table  XVIII. 

Dnp  No.  ». 


*» 

'r 

j^ 

Mi-4) 

- 

iiX^h) 

40.518 

17.7601 

4 

.01012 

8 

.01012 

40.522 

63.100^ 

3 

.01015 

Fi-5009 

40,382 

K/-5001 

4aS42 

(-23.22' C. 

4a6S0 

15.138 

9 

.01009 

^-76.42  cm. 

40.696 

27.716 

6 

.01011 

t^-. 02s  IS 

40.478 

15.060 

4 
2 

.01011 
.01008 

9 

0 -.0001475 

40.458 
40.494 

38.606, 
38.382^ 

5 

.01012 

i/a -.06350 
ei-S.l«Xl0-» 

40.802 

172.626 

.01013 

40.942 

.01010 

.01012 

A  few  typical  records  of  observations  made  at  different  pressures  (see 
"p,"\ast  column)  and  on  drops  of  different  sizes  (see  "o/'last  column) 
are  presented  in  Tables  X  to  XIX.  _iI,H)qIc 


ELECTRICAL  CBARGB  AND  AVOGADRO  CONSTANT. 

Table  XIX. 

Drop  No.  St. 


1, 

'r           I"- 

'Ar,-h) 

« 

-M^rJ 

50.364 
50.442 
50.416 
50.770 
50.178 
50.456 
50.460 
50.118 

44.446, 
30.2544 
30.326^ 
22.904 
30.396, 
83.716 
796.000' 

1 

2 
1 

.010515 

.01047 
.010664 

.010566 
.010556 
.010575 
.010532 
,  .010573 
.010528 

n-3362 
V,-3340 

i- 22.98 

/.- 16.95 

C -.020216 

a -.0001183 
;/«-.3S68 

•,-7.210X10-" 

50.400 

.01055 

.010555 

Table  XX.  contains  a  complete  summary  of  the  results  obtained  on 
all  of  the  58  different  drops  upon  which  complete  series  of  observations 
like  the  above  were  made  during  a  period  of  60  consecutive  days.  It  will 
be  seen  from  this  table  that  these  observations  represent  a  30-foid  varia- 
tion in //a  (from  .016,  drop  No.  1,  to.444,  dropNo.  s8),a  17-fold  variation 
in  p  (from  4.46  cm.,  drop  No.  56,  to  76.27  cm.,  drop  No.  10),  a  12-fold 
variation  in  a  (from  4.69  X  io~*  cm.,  drop  No.  28,  to  58.56  X  io~*  cm., 
drop  No.  i)  and  a  variation  in  the  number  of  free  electrons  carried  by 
the  drop  from  i  on  drop  No.  28  to  136  on  drop  No.  56.  The  time  of  fall 
of  drop  No.  38  was  also  tested  when  it  was  completely  discharged,  as 
have  been  the  times  of  many  other  drops  which  carried  most  of  the  time 
but  one  electron. 

Much  larger  variations  both  in  a  and  p,  and  therefore  in  Ija,  might  have 
been  used,  and  have  in  fact  been  used,  for  finding  the  law  of  fall  of  a  drop 
through  rarefied  air,  but  for  the  end  here  sought,  namely,  the  most  accu* 
rate  possible  determination  of  e,  it  was  found  desirable  to  keep  the  /, 
interval  for  the  most  part  between  the  limits  10  sec.  and  40  sec.,  in  order 
to  avoid  chronograph  errors  on  the  one  hand  and  Brownian  movement 
irregularities  on  the  other.  That  neither  of  these  sources  of  error  is 
appreciable  in  these  observations  may  be  seen  from  a  study  of  Tables 
IV.-XIX.,  which  are  thoroughly  representative  of  the  work  on  all  the 
drops. 

10.   Results  and  Discussion. 

It  will  be  seen  at  once  from  equation  (4)  that  the  value  of  e  is  ^mply 
the  value  of  «i  for  which  l}a  —  0,  so  that  if  successive  values  of  ef  are 
plotted  as  absdssse  and  of  Ija  as  ordinates  the  intercept  of  the  resulting 
curve  on  the  Ci*  axis  is  ^.  Furthermore  if  X  is  a  constant  then  the  curve 
in  question  is  a  straight  line  and  A  is  the  slope  of  this  line  divided  by  the 
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y  intercept  (see  equation  9).  In  view  of  the  uncertainty  in  I  due  to  the  fact 
that  k  in  the  equation  jj  —  knmtl  has  never  been  exactly  evaluated,  it 
was  thought  preferable  to  write  the  correction  term  to  Stokes's  law  (see 
(2  and  3)  in  the  form  (i  +  b/pa)-^  instead  of  in  the  form  (i  +  Al/a)-^ 
and  then  to  plot  Ci*  against  i/pa.  Nevertheless  in  view  of  the  greater 
ease  of  visualization  of  l/a  all  the  values  of  this  quantity  corresponding 
to  successive  values  of  i/pa  are  given  in  Table  XX.,  k  beii^  taken,  merely 
for  the  purposes  of  this  computation,  as  .3502  (Boltzmann).  Fig.  2 
shows  the  graph  obtained  by  plotting  the  values  of  ti*  against  i/pa  for 
the  first  51  drops  of  Table  XX.,  and  Fig.  3  shows  the  extension  of  this 
graph  to  twice  as  lai^e  values  of  i/pa  and  £1'.  It  will  be  seen  that  there 
is  not  the  slightest  indication  of  a  departure  from  a  linear  relation  between 
Ci'  and  i/pa  up  to  the  value  i/pa  —  620.3  which  corresponds  to  a  value 
of  l}a  of  .4439  (see  drop  No.  58,  Table  XX.),  Furthermore  the  scale  used 
in  the  plotting  is  such  that  a  point  which  is  one  division  above  or  below 
the  line  in  Fig.  2  represents  in  the  mean  an  error  of  3  in  700.  It  mil  be 
seen  from  Figs.  2  and  3  that  there  is  bat  one  drop  in  the  $8  whose  departure 
from  the  line  amounts  to  as  much  as  o.;  Per  cent.  It  is  to  be  remarked,  too, 
that  this  is  not  a  selected  group  of  drops  but  represents  all  of  the  drops 
experimented  upon  during  60  consecutive  days,  during  which  time  the 
apparatus  was  taken  down  several  times  and  set  up  anew.  It  is  certain 
then  that  an  equation  of  the  form  (2)  holds  very  accurately  up  to  lla  "  .4. 
The  last  drop  in  Fig.  3  seems  to  indicate  the  beginning  of  a  departure 
from  this  linear  relationship.  Since  such  departure  has  no  bearing 
upon  the  evaluation  of  e,  discus^on  of  it  wil  be  postponed  to  another 
paper. 

Attention  may  also  be  called  to  the  comfJeteness  of  the  answers 
furnished  by  Figs.  2  and  3  to  the  questions  raised  in  §  6.  Thus  drops 
No.  27  and  28  have  practically  identical  values  of  ijpa  but  while  No.  28 
carries,  during  part  of  the  time,  but  l  unit  of  charge  (see  Table  XX.) 
drop  No.  27  carries  29  times  as  much  and  it  has  about  7  times  as  large 
a  diameter.  Now  if  the  small  drop  were  denser  than  the  large  one  (see 
assumption  3,  §  6)  or  if  the  drag  of  the  median  upon  the  heavily  charged 
drop  were  greater  than  its  drag  upon  the  one  lightly  charged  (see  assum- 
tion  I,  §  6),  then  for  both  these  reasons  drop  27  would  move  more  slowly 
relatively  to  drop  28  then  would  otherwise  be  the  case  and  hence  e^  for 
37  would  fall  below  «i*  for  drop  38.  Instead  of  this  the  two  ef's  fall  so 
nearly  together  that  it  is  impossible  to  represent  them  on  the  present 
scale  by  two  separate  dots.  Drops  53  and  56  furnish  an  even  more 
striking  confirmation  of  the  same  condudon,  for  both  drops  have  about 
the  same  value  for  Ija  and  both  are  exactly  on  the  line  though  No.  56 
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carries  at  one  time  68  times  as  heavy  a  charge  as  No.  53  and  has  three 
times  as  large  a  radius.  In  general  the  fact  that  Figs.  2  and  3  show  no 
tendency  whatever  on  the  part  of  either  the  very  small  or  the  very  large 
drops  to  fall  above  or  below  the  line  is  experimental  proof  of  the  jcunt 
correctness  of  assumptions  i,  3,  and  2i  of  %  6.  The  CMrectness  of  20 
was  shown  by  the  agreement  throughout  Tables  IV.  to  XIX.  between 
i/b'(i/V  -  I//,)  and  i/«(i//,  +  i/f,). 

The  values  of  e*  and  b  obtained  graphically  from  the  y-intercept  and 
the  slope  in  Fig.  2  are  ^  *  61.13  X  io~*  ^^^  ^  ■*  -0006254,  P  being 
lAeasured,  for  the  purposes  of  Fig.  2  and  of  this  computation  in  mm.  of 
Hg  at  23°  C.  and  a  being  measured  in  cm.  The  value  of  A  (equations 
3  and  3)  corresponding  to  this  value  of  B  is  .874  instead  of  .817  as 
originally  found.  Cunningham's  theory  givesi  in  terms  of  the  constants 
here  used,  A  -  788.> 

Instead  however  of  taking  the  result  of  this  graphical  evaluation  of  ^ 
it  is  more  accurate  to  reduce  each  of  the  observations  on  e^  to  e*  by  means 
of  the  above  value  of  B  and  the  equation 

.•(.+i)..A  (.4) 

The  results  of  this  reduction  are  contained  in  the  last  column  of  Table 
XX.  These  results  illustrate  very  dearly  the  sort  of  consistency  obtained 
in  these  observations.  The  largest  departure  from  the  mean  vidue  found 
anywhere  in  the  table  amounts  to  0.$  per  cent.,  and  "the  probable  error" 
of  the  final  mean  value  computed  in  the  usual  may  is  16  in  61,000. 

Instead  however  of  using  this  final  mean  value  as  the  most  reliable 
evaluation  of  ^  it  was  thought  preferable  to  make  a  considerable  number 
of  observations  at  atnuispheric  pressure  on  drops  small  enough  to  make 
/,  determinable  with  great  accuracy  and  yet  large  enough  so  that  the 
whole  correction  term  to  Stokes's  law  amounted  to  but  a  few  per  cent., 
since  in  this  case,  even,  though  there  might  be  a  considerable  error  in  the 
correction-term  constant  b,  such  error  would  influence  the  final  value  of 
e  by  an  inappreciable  amount.  The  first  23  drops  of  Table  XX.  represent 
such  observations.  It  will  be  seen  that  they  show  slightly  greater  con- 
sistency than  do  the  remaining  drops  in  the  table  and  that  the  correcticHi- 
term  reductions  for  these  drops  all  lie  between  1.3  per  cent,  (drop  No.  i) 
and  5.6  per  cent,  (drop  No.  23)  so  that  even  though  b  were  in  error  by 
as  much  as  3  per  cent,  (its  error  is  actually  not  more  than  .5  per  cent.) 
e*  would  be  influenced  by  that  fact  to  the  extent  of  but  0.1  per  cent. 
Tlie  mean  value  of  «*  obtained  from  the  first  23  drops  is  61.12  X  io~*,  a 

'  Pan.  Rsv.,  33,  p.  3S0:  alM  footnote. 
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number  which  differs  by  i  part  in  3,400  from  the  mean  obtained  from 
all  the  drops. 

When  correction  is  made  for  the  fact  that  the  numbers  in  Table  XX. 
were  obtained  on  the  basis  of  the  assumption  im  =  .0001825,  instead  of 
im  *■  .0001824  (see  §3)  the  final  mean  value  of  e*  obtained  from  the 
first  23  drops  is  61.085  X  lO"*-    This  corresponds  to 

e  =m  4,774  X  10-"  electrostatic  units. 

Since  the  value  of  the  Faraday  constant  has  now  been  fixed  virtually 
by  international  agreement  >  at  9,650  absolute  electromagnetic  units  and 
since  this  is  the  number  N  of  molecules  in  a  gram  molecule  times  the 
elementary  electrical  charge,  we  have 

N  X  4-774  X  10-"  -  9,650  X  2.9990  X  ro"; 
.-.  N  =  6.062  X  lO". 
Although  the  probable  error  in  this  number  computed  by  the  method  of 
least  squares  from  Table  XX.  is  but  one  part  in  3,000  it  would  be  erro- 
neous to  infer  that  e  and  N  are  now  known  with  that  degree  of  precision, 
for  there  are  four  constant  factors  entering  into  all  of  the  results  in  Table 
XX.  and  introducing  uncertainties  as  follows.  The  coefficient  of  visco^ty 
II  which  appears  in  the  3/2  power  introduces  into  «  and  N  a  maximum 
possible  uncertainty  of  o.i  per  cent.  The  distance  between  the  condenser 
plates  (16.00  mm.)  is  correct  to  .01  mm.,  and  therefore,  since  it  appears 
in  the  ist  power  in  e,  introduces  a  maximum  possible  error  of  something 
less  than  o.i  per  cent.  The  voltmeter  readings  have  a  maximum  posnble 
error  of  rather  less  than  0.1  percent.,  and  carry  this  in  the  ist  power  into 
«  and  N,  The  cross-hair  distance  which  is  uniformly  duplicatable  to  one 
part  in  a  thousand  appears  in  the  3/2  power  and  introduces  an  uncertunty 
of  no  more  than  0.1  per  cent.  The  other  factors  introduce  errors  which 
are  negligible  in  comparison.  Tke  ancerlainty  in  e  and  N  is  then  thai 
due  to  4  continuous  factors  each  of  which  introduces  a  maximum  possiWe 
uncertainty  of  0.1  per  cent.  Following  the  usual  procedure  we  may 
estimate  the  uncertainty  in  e  and  N  as  the  square  Fx»t  of  the  sum  of  the 
squares  of  these  four  uncertainties,  that  is,  as  2  parts  in  1,000.  We  have 
then  finally: 

8  -  4.774  ±  .009  X  I0~" 

and 

N  ■=  6.062  *  .013  X  lo**. 

The  difference  between  these  numbers  and  those  originally  found  by 
the  oil-drop  method,  viz.,  e  =  4.891  and  JV  =  5.992  is  due  to  the  fact 

I  Atomic  wdiht  of  silver  107. 88,    Electrochemical  cqulvateot  of  tilver  o.oiIlS. 
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that  this  much  more  elaborate  and  prolonged  study  has  had  the  effect 
of  changing  every  one  of  the  three  factors  ij,  A,  and  <f  (—  cross-hair 
distance)  in  such  a  way  as  to  lower  e  and  to  raise  N.  The  chief  change 
however  has  been  due  to  the  elimination  of  the  faults  of  the  original 
optical  system. 

II.    COUPARISON  WITH  OTHER   MeASUKEUENTS. 

So  far  as  I  am  aware,  there  is  at  present  no  determination  of  e  or  JV 
by  any  other  method  which  does  not  involve  an  uncertainty  at  least  15 
times  as  great  as  that  represented  in  the  above  measurements. 

Thus  the  radioactive  method  yields  in  the  hands  of  Regener*  a  count 
of  the  a  particles  which  gives  e  with  an  uncertainty  which  he  estimates  at 
3  per  cent.  This  is  as  high  a  precision  I  think  as  has  yet  been  claimed  for 
any  a  particle  count,'  though  Geiger  and  Rutherford's  photographic 
registration'  method  will  doubtless  be  able  to  improve  it. 

The  Brovmian  Movement  method  yields  results  which  fluctuate  between 
Perrin's  value*  e  =  4.24  X  ic",  and  Fletcher's  value,'  5.01  X  lO"", 
with  Svedberg's  measurements'  yielding  the  intermediate  number 
4.7  X  lo-". 

The  radiation  method  of  Planck'  yields  iV  as  a  product  of  (ct)'  and  a. 
The  latest  Reichsanstalt  value  of  Ct  is  1.436'  while  Coblentz,*  as  the 
result  of  extraordinarily  careful  and  prolonged  measurements  obtains 
1.4456.  The  difference  in  these  two  values  of  (cj)*  is  2  per  cent,  West- 
phal"  estimates  his  error  in  the  measurement  of  v  at  .5  per  cent,  though 
reliable  observers  differ  in  it  by  5  per  cent,  or  6  per  cent.  We  may  take 
then  3  per  cent,  as  the  limit  of  accuracy  thus  far  attained  in  measure* 
meats  of  «  or  N  by  other  methods.  The  mean  results  by  each  one  of  the 
three  other  methods  fall  well  within  this  limit  of  the  value  found  above  by  the 
oil-drop  method. 

12.  Computation  of  Otheb  Fundamental  Constants. 
For  the  sake  of  comparison  and  reference,  the  following  fundamental 
constants  are  recomputed  on  the  basis  of  the  above  measurements: 

'  Reseller,  Sitz.  Ber.  d.  k.  PreuM.  Acad.,  37,  p.  948,  1909. 

■  Rutherfn-d  and  Geiger.  Proc.  Roy.  Soc.,  ii.  p.  15s,  1908. 

■  Gdser  and  Rulberiord.  Phil.  Mag.,  34.  P-  61B,  191a. 
'J.  PerrlD.  C.  R.,  isa.  p-  1163,  igii- 

•  H.  PleUlier.  Pu-rs.  R«v..  33.  p.  i07.  191 1- 

•Svedberg,  Arklv  f.  Kemt.  etc.,  utg.  ai  K.  Sv.  Veleiuk.  Akad..  a.  19.  1906.  See  alto 
Svedberi,  "Die  BxiMeiu  der  MOlekule."  p.  136.     Leipzig.  1911. 

'  Planck,  Vm-leaungeD  Uber  die  Tbeorrc  der  WOnnesttabluaa,  id  edlUon,  1913.  p.  166. 
'  See  FlMKk.  Vorle*.,  p.  163- 

■  Coblenti,  Joonial  of  the  WMhIngton  Academy  of  Sdeocet.  Vol.  3.  p.  17a,  April,  1913. 
>*Wm.  H.  Weatphal.  Verb,  d-  D.  Phya.  Gc«..  13.  p.  987.  Dec.,  t9ia. 
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t.  The  number  »  of  molecules  in  i  c.c,  of  an  ideal  gas  at  o' 76  is  given  by 
N      6.062  X  10" 

M  =  77  -  -  2705  X   lO'*. 

V  22,412  '   ^ 

2.  The  mean  kinetic  energy  of  agitation  £0  of  a  molecule  at  0°  C.  is 
given  by 

pV  "  iNmu*  -  liVEo  =  RT. 


2    N  2  X  6.062  X  io» 

3.  The  constant  t  of  molecular  energy  defined  by  £«  =  tT  is  given  by 

Et     5.621  X  10-"  „  „        „    ergs 

<  -  ■=  - 2.058  X  io-»5 — - — . 

T  273-11  degrees 

4.  The  Boltzmann  entropy  constant  k  defined  by  5  =  *  log  Wis  given 
by' 

,       R      PtVa      -  ^,       ,,    ergs 

All  of  these  constants  are  known  with  precisely  the  accuracy  attained  in 
the  measurement  of  e, 

5.  The  Planck  " Wirkui^squantum "  h  can  probably  be  obtained 
considerably  more  accurately  as  follows  than  in  any  other  way.  From 
equation  293,  p.  166,  of  the  "  W&rmestrahlung,"  we  obtain* 

*•  /48t«\*      (1.372  X  10-")'     /  48TI.0823  V*      ,  ,^  ^  ,„_„ 
*-7  y-r)  -     2.999  Xio«     '  \7-39Xio-)  -6.620X10-" 

which  gives  h  with  the  same  accuracy  attainable  in  the  measurement  of 
kVa  in  which  a  is  the  Stefan-Boltzmann  constant.  If  Westphal's  esti- 
mate of  his  error  in  the  measurement  of  this  constant  is  correct,  viz.,  0.5 
per  cent.,  it  would  introduce  an  uncertainty  of  but  0.2  per  cent,  into  h. 
This  is  about  that  introduced  by  the  above  determination  of  JH,  hence 
the  above  value  of  h  should  not  be  in  error  by  m.ore  than  0.4  per  cent. 

6.  The  constant  Ct  of  the  Wien-Planck  radiation  law  may  also  be  com- 
puted with  much  precision  from  the  above  measurements.  For  also  from 
equation  292  of  the  "  Warmestrahlung  "  we  obtain 

/48xa*\*      /48t1.0823  1.372  X  IQ-^j*  . 

'"\-^}   '( 7-39  X  10-" )    -^-4470 cm.  degrees. 
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Since  both  k  and  a  here  appear  in  the  1/3  power,  the  error  in  c  should 
be  no  more  than  0.2  per  cent.,  provided  Westphal's  error  is  no  more  than 
0.5  per  cent. 

The  difference  between  this  and  Coblentz's  mean  value,  viz.,  14456 
is  but  0.1  per  cent.  The  agreement  is  then  entirely  satisfactory.  A 
further  independent  check  is  fouAd  in  the  fact  that  Day  and  Sosman's 
location  of  the  melting  point  of  platinum  at  1755°  C  is  equivalent  to  a 
value  of  Ct  =  1447$.*  On  the  other  hand,  the  last  Reichsanstalt  value 
of  Ct,  viz.,  1.437,  is  too  low  to  fit  well  with  these  and  Westphal's  measure- 
ments.  It  fits  perfectly  however  with  a  combination  of  the  above  value 
of  e  and  Shakespear's*  value  of  v,  viz.,  a  —  5,67  X  io~*. 

13.    SUMBIAKY. 

The  results  of  this  work  may  be  summarized  in  the  following  table  in 
which  the  numbers  in  the  error  column  represent  in  the  case  of  the  first 
six  numbers  estimated  limits  of  uncertainty  rather  than  the  so-called 
"probable  errors"  which  would  be  much  smaller.  The  last  two  constants 
however  involve  Westphal's  measurements  and  estimates  and  Planck'a 
equations  as  well  as  my  own  observations. 

Table  XXI. 

XlMiiMtur  alMtiiMl  duTf*. •  -  4.774  *  Sxa  X  10-» 

HtuBbw  <rf  molMDlM  p«r  tna  aolKoto II  —  0.062  *  .012  X  10" 

Mnmbn  of  ga*  molccolM  p«r  c.e.  at  0°  76 b  ■■  1.70S  *  .005  X  10> 

Xliwtlc  aaaicr  of  a  metond*  at  0°  C Bt  -  S.621  *  .010  X  10-* 

Coutant  ot  molacnlaf  mamtta «  -•  3.059  ^  .004  X  10~>* 

Conctant  d(  th*  Mtrapy  •qnadsn k  -  1 J72  *  Sm  x  10~" 

EiemeiitaTr  "WirkuDgMjuBiituiD" A  -  6.620. -h  .025  X  I0-" 

CoDstaat  of  the  WiCD  dlsplacemcDt  law ci  -  1.4470  <^  0030 

I  take  pleasure  in  acknowledging  the  able  assistance  of  Mr.  J.  Yinboi^ 
Lee  in  making  some  of  the  above  observations.  Mr.  Lee  has  also 
repeated  with  my  apparatus  the  observations  on  oil  at  atmospheric 
pressure  with  results  which  are  nearly  as  consistent  as  the  above. 
U^ng  my  value  of  fr  he  obtains,  as  a  mean  of  measurements  on  14  drops, 
a  value  of  e  which  differs  from  the  above  by  less  than  i  part  in  6,000, 
although  its  probable  error  computed  as  in  the  case  of  Table  XX.  ts  i 
part  in  ^,000. 

Rtbkson  Pbtsical  Labokatokt. 
U^avBBS■TT  OF  Chicago. 
June  a,  1913. 

■  Amer.  Jour.  Sd.,  30,  p.  3.  1910. 

■  Coblentj,  Journal  oT  tbe  Washington  Academy  of  Science*,  Vol.  3,  p.  13. 
>G.  A.  Shakespear.  Proc.  Roy.  Soc..  86.  t8o,  Ijitl, 
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THE  EMISSIVITY  OF  OXIDIZED  METALLIC  SURFACES.' 

BV   C.   P.    RANDOLra   AND  M.   J.   OVKRHOLSKR. 

THE  measurements  here  described  were  undertaken  to  secure  data 
on  the  total  radiation  from  oxidized  metallic  surfaces,  at  tem- 
peratures below  700°  C.  Total  radiation  includes  all  the  energy  dis- 
sipated from  a  surface  by  radiation,  at  wave-lengths  from  o  to  « , 
A  large  amount  of  accurate  work  on  selective  radiation  is  available,  but 
comparatively  little  on  total  radiation.  Data  on  the  latter  are  necessary 
when  dealing  with  heat  losses  from  surfaces. 

The  emissivity  of  a  body  is  here  defined  as  the  ratio  of  the  energy 
radiated  by  a  body  of  emissivity  e,  to  the  energy  radiated  by  a  black 
body,  when  both  are  at  the  same  tem[>erature.  This  is  not  the  definition 
always  used,*  but  it  is  the  most  convenient  for  comparing  different 
surfaces  when  dealing  with  total  radiation.*  A  "black  body"  is,  of 
course,  one  that  absorbs  all  the  radiation  incident  upon  it,  no  matter 
what  the  wave-length.  From  the  Stefan-Boltzman  law,  for  a  black 
body 

W  =  aiTi*  ~  Tt'). 

where  W  is  the  rate  of  heat  loss,  <r  is  a  constant  experimentally  deter- 
mined, and  Ti  and.Ti  are  the  absolute  temperatures  respectively  of  the 
radiating  surface  and  of  the  surroundings.  Then  for  a  body  of  emis- 
sivity e, 

W  =  e<r(r,'  -  Ti*). 

The  construction  of  the  apparatus  used  for  comparing  the  radiation 
from  various  surfaces  with  that  from  a  black  body  is  shown  in  Figs.  I 
and  2.  It  was  our  aim  to  construct  a  robust  instrument  that  could  be 
used  in  connection  with  a  Leeds  and  Northrup  potentiometer  (read 
accurately  to  .001  millivolt),  thus  making  it  unnecessary  to  observe 
galvanometer  deflections.  Of  course  there  are  many  radiometers  far 
more  delicate  than  this. 

The  absorbing  disc  A  (Fig.  i)  is  of  platinum  .25  mm.  thick,  coated 
with  plarinum-black  on  the  side  presented  to  the  radiating  surface.  It  is 
supported  by  three  wires  (one  is  shown  at  K),  .25  mm.  diameter,  and 

■  From  tlw  heatloK  device  researcli  laboratory.  General  Electric  Company. 
'  Preaton'*  Theory  of  Heat,  3d  ed..  S^T- 

■  Poynting  and  Thompson's  Heat,  333. 
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to  the  disc  is  soldered  {on  the  polished  side)  a  bismuth-iron  thermo-couple 
B.  The  cold  junctions  of  the  thermo-couple  are  brought  out  to  the 
binding  posts  C,  which  are  always  at  room  temperature.  The  walls  D 
are  of  hard  rubber,  so  thick  that  they  can  heat  yery  slightly  in  the  short 
time  the  instrument  is  exposed  to  a  radiating  surface  for  a  measurement. 
Baffles  EE,  also  of  black  hard  rubber,  prevent  any  heating  of  the  absorber 
A  by  convection,  and  also  prevent  reflection  of  radiant  heat  from  the 
walls  D  to  the  absorber.  Three  thin  brass  discs  F  protect  the  end  wall  G 
from  being  heated  by  the  radiating  surface.  It  was  found  necessary  also 
to  protect  the  side  walls  from  radiation  by  placing  a  square  wooden  shield 
G  between  the  radiometer  and  the  radiating  surface.  This  shield  is  some- 
what larger  than  any  of  the  radiating  surfaces  used  in  the  measurements, 


Fig.  3. 

and  is  painted  black  on  the  ade  away  from  the  radiometer  to  reduce 
reflection  to  a  minimum.  The  cylinder  D  and  the  shield  G  are  supported 
by  brass  rods  fitting  in  tubes  HH  and  can  be  adjusted  at  any  height  with 
thumb  screws. 

The  curve  in  Fig.  3  for  the  rate  of  rise  of  temperature  of  the  platinum 
absorber  shows  that  it  reaches  a  maximum  temperature  three  minutes 
after  exposure.  All  readings  were  taken  after  an  exposure  of  four 
minutes,  to  make  sure  that  the  horizontal  part  of  the  curve  bad  been 
reached.  No  lenses  or  reflectors  are  used  in  the  design  of  the,radiometer, 
and  therefore  the  only  chance  of  error  from  selective  absorption  is  that 
the  platinum  absorber  itself  might  possess  this  proj)erty.  But  platinum- 
black  comes  very  close  to  being  a  black  body,  so  that  the  possibility  of 
error  here  is  very  slight. 

The  radiation  through  a  relatively  small  opening  in  a  closed  uniform 
temperature  surface  has  been  shown  to  be  black-body  radiation,  no  matter 
what  the  material  of  the  surface  may  be.*    This  fact  was  made  use  of  in 

>  Balfour  Stewart.  Lessona  io  Elementary  Phyalca. 
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calibrating  the  radiometer.  Fig.  4  shows  the  "black  body."  A  is  a  large 
cast-iron  pipe,  closed  at  the  rear  with  another  heavy  casting  B.  The 
pipe  and  the  casting  B  are  heated  by  three  "calorite"  wire  resistors  CC 
80  connected  that  the  energy  dissipated  by  each  heating  unit  can  be 
adjusted  independently.  The  temperature  is  thus  kept  very  uniform. 
Five  thermo-couples  DD  were  used  for  measuring  the  temperature,  which 
could  be  kept  uniform  within  3°  C.  at  500'  C.  The  iron  castings  were 
surrounded  with  insulation,  as  shown,  which  reduces  the  energy  necessary 
for  maintaining  any  temperature,  and  makes  it  easier  to  maintain  a  uni- 
form temperature.     A  water  jacket  E  prevents  the  outher  wall  from  heat- 


Fig.  4. 

ing  at  the  end.  The  baffles  FF  make  the  inner  surface  approximate  more 
closely  to  an  entirely  closed  surface,  thus  reducing  to  a  minimum  the 
difference  between  the  radiation  from  the  casting  and  that  from  a 
perfectly  black  body. 

The  rate  at  which  energy  was  radiated  from  the  black  body  was 
calculated  from  its  observed  temperatures  and  the  temperature  of  the 
surroundings,  by  substituting  in  the  Stefan-Boltzman  equation.  A 
calibration  curve  was  plotted  for  the  radiometer  showing  the  relation 
between  millivolts  and  energy  radiated.  The  temperature  of  the  sur- 
roundii^  was  taken  as  25°  C,  in  all  measurements.  Where  the  radiating 
surface  is  at  a  temperature  above  about  175°  C,  a  change  in  the  room 
temperature  of  a  few  degrees  can  easily  be  shown  to  introduce  only  a 
negligible  error. 

Since 

'  ^  ff(r/  -  Tt*) 

the  value  of  a  does  not  affect  the  results  and  temperature  errors  also 
correct  themselves  to  a  certain  extent.    The  platinum-platinum-iridium 
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thermo-couples  used  for  measuring  the  temperatures  of  the  black  body 
and  of  the  oxidized  surfaces  were  calibrated  under  exactly  the  same 
conditions. 

A  metal  disc  19. 1  cm.  diameter  and  6  mm.  to  13  mm.  thick,  mounted 
vertically,  with  its  exposed  surface  flush  with  the  end  of  a  horizontal 
iron  cylinder  (the  axis  of  the  disc  and  the  cylinder  coinciding)  formed  the 
radiating  surface  of  which  the  emissivities  were  measured.*  The  heating 
unit  was  made  of  a  calorite  resistance  ribbon  between  two  mica  discs. 
This  unit  was  clamped  between  the  radiating  disc  and  a  thin  disc  of  sheet 
steel.  The  cylinder  back  of  the  19  cm.  disc  was  filled  with  good  heat 
insulating  material,  thus  decreasing  the  enei^  necessary  to  maintain 
the  radiating  disc  at  any  temperature.  The  thermo-couple  was  held 
firmly  against  the  back  of  the  disc  under  the  head  of  a  screw,  the  two 
leads  being  brought  out  to  the  cold  junction  (kept  in  oil)  through  the  heat 
insulation.  There  was  a  space  of  about  19  mm.  between  the  edges  of  the 
disc  and  the  inside  of  the  cylinder  walls  which  was  also  filled  with  insula- 
tion, held  in  place  with  a  mica  ring.  The  surface  of  each  disc  was 
cleaned  and  polished  before  it  was  mounted. 

The  thermo-couple  measures  the  temperature  of  the  back  of  the  metal 
disc  and  not  that  of  the  radiating  surface  itself.  In  some  cases — as  with 
copper  and  other  good  heat  conductors — this  drop  in  temperature  be- 
tween the  two  surfaces  of  the  disc  is  negligible.  With  poor  heat  conduc- 
tors— as  certain  alloys — it  is  very  important  to  make  a  correction  at 
higher  tem[>eratures.  We  had  previously  accurately  measured  the 
thermal  conductivity  at  various  temperatures  of  nearly  all  the  metals 
or  alloys  used  in  these  experiments,  and  for  those  which  we  had  not 
measured  ourselves  the  values  were  obtained  from  the  literature.*  The 
wattmeter  readings  gave  the  total  energy  required  to  maintain  a  surface 
at  any  temperature.  The  watts  per  square  centimeter  lost  from  the 
surfaces  by  radiation  and  convection  was  calculated  by  subtracting  the 
heat  conducted  through  the  insulation,  from  the  wattmeter  reading. 
Then  the  actual  temperature  of  the  radiating  surface  is 

Ti  =  t-  WRL, 

where  t  is  the  temperature  as  measured  with  the  thermo-couple,  W  is  the 
heat  flux  through  the  metal  disc,  R  is  the  thermal  resistivity  of  the  metal 
and  L  is  the  thickness  of  the  plate.    As  this  correction  is  in  all  cases  rela- 

>  The  method  o(  mouiiUnE  the  metal  plate  Is  fully  described  with  drawings  by  I.  Langmuir 
Id  J.  Am.  Elec.  Soc..  XXIII..  I4  <i9"3)- 

■Jaeger  and  Disselhorst,  Wiss.  Abh.  d.  Phys.  Techn.  Reichanst..  3,  269  (1900);  Angell, 
pHVS.  Rbv.,  XXXIII.,  431  (1911). 
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tively  small,  any  possible  error  in  it  becomes  negligible  in  the  final 
results.    With  the  type  of  heating  unit  used,  the  thickness  of  the  plate 
was  always  made  great  enough  to  insure  a  very  uniform  temperature 
over  its  surface. 
We  found  on  beginning  the  measurements  given  below  that  the  emis- 
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sivity  increases  (i)  with  the  temperature  to  which  the  surface  has  pre- 
uvity  of  a  surface  depends  00  the  depth  of  oxidation;  that  is,  the  emis- 
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viously  been  heated  and  (2)  with  the  time  the  surface  is  kept  at  any 
temperature.  In  Fig.  5  is  shown  the  rate  of  increase  of  the  emissivity  of 
an  oxidized  nickel  surface  at  510°  C.  Zero  time  is  here  taken  as  the 
time  when  we  could  get  the  first  measurement  after  the  surface  had 
been  quickly  heated  to  510°  C,  starting  with  a  polished  surface.  The 
constant  value  is  seen  to  be  .283.  The  temperature  was  then  increased 
to  583°,  where  the  constant  value  of  the  emissivity  was  .410.  In  Fig. 
6  it  is  seen  that  the  maximum  emissivity  is  .49,  when  the  surface  is 
heated  to  640°  C.  With  the  exception  of  the  oxidized  copper  surface, 
in  all  the  measurements  made,  the  method  was  to  start  with  a  polished 
surface  which  was  kept  at  the  maximum  temperature  for  which  a  point 
is  given  on  the  curves,  until  the  emissivity  had  become  constant.  Meas- 
urements were  then  taken  at  various  lower  temperatures. 

Fig.  5  shows  a  series  of  measurements  at  different  temperatures  for 
oxidized  copper.    Curves  I.  and  II.  were  determined  by  measuring  the 


Fig,  6. 

emissivity  before  it  had  become  constant  at  the  maximum  temperatures 
for  which  results  are  given.  Then  observations  were  taken  at  various 
lower  temperatures  as  explained  above.  Curve  III.  was  obtained  in 
the  usual  way,  by  heating  the  surface  at  the  maximum  temperature  until 
the  radiation  was  constant.  It  is  seen  that  if  a  copper  surface  is  heated 
for  even  a  very  short  lime  at  a  temperature  A  about  50°  higher  than 
temperature  B,  the  emissivity  has  reached  or  passed  the  maximum  value 
it  would  attain  if  the  surface  had  been  kept  at  B  indefinitely. 

The  curves  for  calorized  copper  and  calorized  steel  (Figs.  6  and  7) 
refer  to  plates  of  the  above  metals  which  have  been  impregnated  with 
aluminum  in  their  surfaces.  This  process  requires  that  they  be  heated 
to  a  temperature  above  that  at  which  measurements  were  made,  so  that 
we  would  expect  no  variation  of  emissivity  with  time  of  heating.  This 
agrees  with  the  experimental  results.  lOOQ  Ic 
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The  emissivities  of  platinum  and  silver  (Figs.  6  and  7)  are  taken  from 
the  literature,  and  are  given  here  for  comparison.  The  values  for  silver 
and  platinum  I.  are  calculated  from  Hagen  and  Ruben's  formula*  for 
long  wave-length  radiation: 

where  e  "  emissivity, 

r  —  electrical  resistivity  in  ohms  per  cm*, 

X  ■•  wave-length  of  radiant  energy  in  cm. 
X  is  determined  by  Wien's  law,  which  gives  the  relation  between  the 


absolute  temperature  T  and  the  wave-length  of  maximum  intensity,  viz., 

X..    y,  cm. 

For  the  sample  of  silver  for  which  the  emissivity  is  here  calculated, 
r  =  1.76  X  io~*  at  0°  C.  Jaeger  and  Disselhorst*  found  the  temperature 
coefficient  of  the  electrical  resistivity  of  silver  to  be  .0040.    Therefore 


e  =•  .61  X  io-»  Vni+.oo4or)- 

Platinum  I.  is  a  sample  used  by  I.  Langmuir  in  measuring  convection 
losses.'  He  measured  the  electrical  resistivity  at  various  temperatures, 
and  the  emissivity  is  calculated  from  these  results  as  for  silver.    The 

>  Hagen  «nd  Rub«n't  Atm.  Phys..  S.  i  (1902). 

'  jMser  aod  Dla*elhgrat.  niy^  Tech.  Reich..  3,  269  (1900). 

■  I.  Langmuir.  Phvs.  Rav..  XXXIV..  401  (I9i3). 
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curve  platinum  II.  is  taken  from  actual  measurements  of  emissivity  by 
Lummer  and  Kurlbaum.i 

The  values  of  emissivities  in  the  following  table  are  taken  from  the 
curves  and  are  given  here  for  convenience. 


»>. 

4>» 

Cb 

Silver 

.020 
.060 

.113 
.180 
.210 
.369 
.411 
.521 
.568 
.610 
.631 
.643 
.790 
1.00 

.030 
.086 
.110 
.153 

.185 

.424 
.439 
.547 
.568 
.600 

.710 
.788 
1.00 

.038 

.110 

.192 

.190 

Cast  iron         

.478 

.570 

.787 

BUckbody 

1.00 

Conclusions. 

1 .  The  emissivity  of  an  oxidized  metallic  surface  depends  on  the  depth 
of  the  surface  oxidation.  Therefore  it  is  a  function  (o)  of  the  temperature 
to  which  the  surface  has  previously  been  heated  and  (A)  of  the  time  the 
surface  has  been  maintained  at  the  temperature. 

2.  The  emissivities  of  cert£un  surfaces  have  been  measured  at  various 
temperatures  and  the  results  are  given  here.  The  surfaces  were  oxidized 
at  about  600°  (the  temperature  of  oxidation  ia  always  the  highest  shown 
on  the  temperature-eniissivity  curves)  until  the  emissivity  had  become 
constant. 

3.  It  is  possible  that  the  variations  so  often  found  in  scientific  literature 
in  measurements  of  heat  losses  from  surfaces  are  due  to  changes  in  the 
radiation  and  not  to  unsteady  convection  losses. 

>  Lummer  and  Kurlbaum.  Verb.  Phys..  Ges..  Berlin.  17. 106  (iSgS). 
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THE  ACTION  OF  MERCURY  VAPOR  ON  SELENIUM. 

Bv  F.  C.  Bbown. 

PREVIOUSLY'  I  have  shown  that  all  the  knowa  changes  of  conduc- 
tivity of  selenium  with  the  time  of  exposure  to  light  can  be  ex- 
plained mathematically  by  assuming  a  dynamic  equilibrium  between 
three  components  A,  B  and  C,  But  in  this  analysts  there  appeared  on 
obvious  physical  interpretation  of  the  varying  initial  rates  of  change  which 
were  imposed  on  the  different  varieties  of  selenium  for  equilibrium  in  the 
dark.  This  fact  has  led  the  author  to  search  for  the  conditions  which  will 
consistently  and  certainly  produce  one  of  the  varieties  of  selenium  about 
which  there  is  most  dispute,  viz.,  light-negarive  selenium.  The  question 
as  to  whether  the  light-negative  property  is  in  the  selenium  itself  or  is 
in  impurities,  or  selenium  compounds,  was  one  that  had  to  be  definitely 
settled.  While  the  search  has  not  answered  all  questions  that  have 
arisen,  it  has  proved  worth  while  in  that  it  has  resulted  in  some  definite 
advances,  that  are  interesting  and  which  further  limit  future  investiga- 
tions. It  is  found  that  mercury  vapor  will  uniformly  transform  dif- 
ferent allotropic  modifications  of  selenium  into  light-negative  selenium, 
and  further  that  the  mercury  vapor  probably  forms  chemical  union  with 
the  selenium. 

In  considering  a  relationship  which  I  observed  between  the  conduc- 
tivity of  selenium  and  its  sensibility,  viz.,  that  light-negative  selenium  is 
associated  with  high  conductivity,  it  occurred  to  me  that  any  method 
that  produces  low  resistance  selenium  might  also  atthe  same  time  produce 
light-negative  selenium.  In  this  connection  it  was  noted  that  Moss* 
and  later  Minchin*  had  observed  the  remarkable  decrease  of  resistance 
of  selenium  when  it  was  placed  in  a  vacuum  produced  by  a  mercury 
pump.  Moss  first  exposed  a  bar  of  vitreous  selenium  to  mercury  vapor 
in  a  partial  vacuum,  whereupon  he  observed  that  the  conductivity  in- 
creased to  a  higher  value  than  that  of  any  known  modification  of  selenium. 
He  attributed  this  conductivity  to  a  mercury  film,  and  consequently  it 
is  not  surprising  that  he  overlooked  the  negative  action  of  light,  Minchin 
placed  a  light-poative  selenium  cell  in  a  Sprengel  vacuum.  He  observed 
that  cells  of  several  hundred  thousand  ohms  decreased  in  re»stance  in 

<  PhtS.  Riv.,  33,  pp.  I  and  403. 
■  Phi).  Mag.,  Set.  5*  3,  p-  67.  iStT' 
*  Nature.  77.  p.  igS  and  p.  333. 1908. 
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three  or  four  days  to  values  as  low  as  50  ohms,  but  he  did  not  observe 
any  light  sensitiveness  after  the  low  resistance  was  reached. 

Tbe  Crystallization  of  Selenium  in  an  Atuosphere  in  which 
Mercury  Vapor  is  Present. 

The  first  experiments  that  exhibited  the  action  of  mercury  vapor  on 
selenium  were  those  in  which  the  selenium  in  an  ordinary  cell  form  was 
crystallized  in  the  presence  of  mercury  vapor  in  air.  The  cell  form  con- 
sisted of  two  parallel  wires  wound  around  a  porcelain  cleat  such  as  is 
used  by  the  electrician  for  holding  and  insulating  wires.  The  selenium 
was  first  melted  on  this  cleat  and  then  undercooled,  thus  giving  the 
vitreous  allotrope  attached  to  the  wires.  This  selenium  form  was  then 
placed  just  over  a  heating  bath  of  quartz  sand.  At  the  bottom  of  the 
sand  was  a  globule  of  mercury.  The  bath  was  heated  by  a  bunsen 
burner  from  below,  and  consequently  the  temperature  of  the  mercury 
was  much  higher  than  that  of  the  selenium.  It  was  found  that  if  the 
selenium  was  kept  anywhere  between  150°  and  200°,  its  conductivity 
reached  a  very  high  value,  which  it  maintained  after  cooling  to  room 
temperature.  Immediately  upon  cooling  the  selenium  displayed  light- 
negative  characteristics,  t.  e.,  the  conductivity  decreased  when  the  cell 
was  illuminated. 

It  seems  that  the  mercury  diffused  up  through  the  sand  and  condensed 
on  the  selenium.  As  might  be  expected  the  higher  the  temperature  of 
the  sand  bath  and  of  the  selenium,  the  sooner  did  the  selenium  reach  an 
approximately  constant  high  conductivity.  If  the  selenium  were  kept 
at  about  190°  for  about  10  minutes,  the  resistance  of  the  cell  would  drop 
to  about  20  ohms,  while  if  the  temperature  were  kept  at  150'  several 
hours  were  required  in  order  that  this  conductivity  might  be  attained. 
No  differences  in  the  light-characteristics  could  be  detected  by  varying 
the  temperatures  within  the  range  noted.  However  if  the  selenium  were 
heated  below  140°  or  above  200°,  the  light  sensitiveness  did  not  appear. 
Perhaps  at  the  lower  temperature  an  appreciable  amount  of  the  mercury 
vapor  did  not  reach  the  selenium  while  at  the  higher  temperatures  an 
explanation  must  probably  involve  chemical  union  of  the  selenium  and 
mercury  or  special  allotropic  modification  of  the  selenium.  Some  thirty 
samples  were  made  in  this  way,  with  but  the  use  of  a  single  drop  of 
mercury  in  the  sand  bath. 

The  characteristics  of  the  light-negative  selenium  prepared  in  this 
manner  were  not  investigated  fully,  but  many  of  them  behaved  much 
like  the  specimen  described  by  Miss  Crum.'    Aside  from  the  light- 

1  PhYS.  Rbv..  33,  538.  1911. 
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negative  character,  the  irregularities  and  the  lack  of  permanency  were 
the  most  striking  peculiarities.  Frequently  the  resistance  would  take 
sudden  jumps,  particularly  if  the  specimen  was  illuminated  or  jarred. 
Occasionally  the  selenium  would  be  light-negative  with  faint  illumination 
but  light-positive  with  intense  illumination,  and  even  more  frequently  a 
specimen  would  temporarily  change  over  from  light-negative  to  light- 
positive  character.  At  one  time  as  many  as  one  fourth  of  the  samples 
in  my  possession  were  light-positive  when  tested  with  light  of  uniform 
intensity.  Frequently  the  sensibility  was  quite  great.  One  sample 
changed  from  74.6  ohms  in  the  dark  to  104.0  ohms  in  the  light.  It 
maintained  an  averse  sen^bility  half  as  lai^e  for  about  a  week.  The 
irregularity  of  one  sample  is  illustrated  by  the  following  readings  taken 
with  the  selenium  alternately  in  the  dark  and  in  the  light,  at  intervals  of 
about  two  minutes. 

RaMitmna  In  Duk.  Raaliuue*  la  LIcbt. 


Not  all  the  samples  made  in  this  way  were  permanent.  The  maximum 
change  of  resistance  by  light  was  probably  greatest  about  two  days  after 
manufacture.  After  that  time  the  sensibility  gradually  decreased  until 
finally  after  a  month  there  was  almost  no  effect  due  to  light  action. 

It  was  considered  possible  so  far  as  the  above  experimept  decides  that 
the  mercury  vapor  may  have  acted  in  any  one  of  three  ways.  The 
mercury  may  have  acted  chemically  on  the  selenium  so  as  to  form  a 
selenide,  it  may  have  acted  catalytically  in  a  way  to  alter  the  equilibrium 
of  the  selenium  components,  or  it  may  have  been  merely  entrapped  in  the 
selenium,  without  otherwise  essentially  altering  its  electrical  properties. 

One  basis  for  the  belief  in  the  formation  of  a  selenide  at  this  stage  of 
the  experimenting  lay  in  the  statement,  in  Watt's  Dictionary  of  Chem- 
istry, that  mercuric  selenide  is  formed  when  mercury  and  selenium  are 
heated  tt^ether.  However  I  noted  that  mercury  did  not  freely  combine 
with  selenium,  even  when  the  latter  was  heated  to  its  melting  point. 

If  the  mercury  were  trapped  in  the  selenium  by  some  absorption  process 
so  as  to  form  a  kind  of  solid  solution,  we  would  at  once  have  an  explana- 
tion of  the  high  conductivity  that  always  accom[>anies  this  light-negative 
property.  Perhaps  the  light  action  merely  alters  the  form  of  the  crystals 
in  all  varieties  of  selenium  similariy,  and  in  this  light-negative  variety 
it  thereby  breaks  the  conducting  him  of  mercury.  This  is  a  simple  and 
apparently  satisfactory  explanation.     It  readily  accounts  for  the  irreg- 
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ularity  and  non-uniform  behavior  of  the  new  selenium  form.  However 
it  does  not  explain  why  light-negative  selenium  should  be  produced  in 
the  presence  of  mercury  vapor,  under  conditions  that  would  not  produce 
any  light  sensibility  at  all  in  the  absence  of  mercury  vapor. 

Should  the  mercury  vapor  act  catalytically,  so  as  to  alter  the  rates  of 
change  of  the  existent  components  in  the  selenium,  we  have  at  once  a 
satisfactory  explanation.  The  first  difficulty  in  the  way  of  this  explana- 
tion is  the  possible  formation  of  a  selenide.  More  will  be  said  later 
concerning  these  theories. 

The  Effect  of  Unheated  Mercury  Vapor  on  Light-positive 
Selenium. 

There  wets  considerable  uncertainty  in  the  last  experiment  as  to  whether 
the  mercury  vapor  at  the  high  temperature  may  not  have  acted  on 
selenium  by  chemical  union.  If  such  chemical  action  did  not  take  place 
then  it  seemed  reasonable  to  hope  that  mercury  vapor  at  room  tempera- 
tures might  transform  light-positive  selenium  into  light-negative  selenium. 
This  is  particularly  consistent  with  the  view  that  in  the  light-negative 
selenium  the  conducting  material  is  essentially  mercury,  which  is  broken 
and  altered  by  the  selenium  crystals  changing  form  under  the  action  of 
light. 

Accordingly  two  small  cells,  made  by  dividing  a  regular  size  Giltay 
cell  into  parts,  were  placed  in  an  apparatus  connecting  with  a  Gaede 
vacuum  pump.  The  resistance  of  each  sample  was  upwards  of  twenty 
million  ohms,  in  the  dark,  and  possessed  the  usual  sensibility  to  light. 
After  being  kept  in  a  vacuum  of  less  thaq  .01  mm.  for  twenty  minutes 
there  was  no  apparent  change  in  resistance,  but  after  being  in  the  vacuum 
for  twelve  hours  the  resistance  had  fallen  to  40  ohms.  At  first  the 
irregularity  of  behavior  when  illuminated  resembled  that  of  the  light- 
negative  samples  previously  described.  The  resistance  was  so  unsteady 
that  it  was  difficult  to  say  just  what  action  was  due  to  the  light.  The 
cell  was  then  placed  in  a  kerosene  bath.  After  resting  thus  for  several 
hours,  it  showed  consistent  light-negative  properties.  The  following  is 
a  sample  of  the  observations  taken  with  the  selenium  alternately  in  the 
dark  and  illuminated  with  a  16  c.p.  lamp  at  20  cm.  distance. 

Rulttaau  la  Dark.  RnlaUnca  la  Usht. 
70.S  70.6 

70J  70.61 

70.S  70.58 

70J  70.56 
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And  after  resting  three  months  in  the  dark,  the  behavior  is  illustrated 
by  these  readings.     The  illumination  was  approximately  that  above. 

Reil(tuic*  In  Dark.  Kailitanca  In  LI(Lt. 

86.43 
86.43 
86.50 
86.12 
86.11 

The  curve  in  Fig.  i  shows  the  manner  in  which  the  resistance  changes 
with  the  time  of  exposure.  The  rate  of  change  is  not  nearly  so  rapid 
as  that  of  a  light-negative  sample  for  which  the  curve  is  given  in 
Fig.  9  of  a  former  paper  on  the  "Nature  of  Light-action  in  Selenium."' 


Fig.  1. 

The  difference  in  these  two  may  be  accounted  for  by  the  unequal  light 
intensity  in  the  two  instances.  At  any  rate  the  resistance  begins  to 
decrease  at  the  instant  of  illumination  in  these  new  samples,  and  the 
change  is  so  rapid  at  first  that  it  is  quite  improbable  that  it  is  due  to  heat 
rather  than  light  action.  To  definitely  determine  this  point  I  hope  soon 
to  be  able  to  map  the  sensibility  of  this  variety  of  selenium  throughout 
the  spectrum,  as  Pfund*  has  done  for  light-positive  selenium.  Such  a 
determination  may  also  aid  in  a  physical  interpretation  of  the  nature  of 
the  change  of  resistance. 

The  second  sample  referred  to  above  was  weighed  before  and  after 
exposing  it  to  the  mercury  vapor,  to  detect  if  possible  the  amount  of 
mercury  that  was  necessary  to  perform  the  observed  transformation. 
Before  [facing  in  a  vacuum  and  while  the  resistance  was  several  million 
ohms  the  weight  was  1.2537  gm.  After  exposing  to  mercury  va[x>r  in 
a  partial  vacuum  for  16  hours,  the  resistance  fell  to  104  ohms.     The 


<  Phvs.  Rbv..  33,  p.  ig. 
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weight  had  not  changed  by  as  much  as  o.i  milligram.  This  result  is 
not  inconsistent  with  the  supposition  that  the  increase  of  conductivity 
arises  solely  from  the  direct  conductance  of  the  absorbed  mercury  vapor. 
For  if  it  is  assumed  that  the  mercury  vapor  has  the  same  conducting 
power  as  large  masses  of  mercury,  it  can  be  readily  calculated  that  a  iilm 
of  mercury  2.5  X  10"*  cm,  thick  would  have  been  sufficient  to  account 
for  the  observed  conductivity.  Further  the  weight  of  such  a  film  would 
be  only  1.2  X  ic*  gm.,  which  amount  it  would  be  impossible  to  detect 
by  weighing.  But  even  with  this  small  amount  of  mercury  inside  the 
selenium  the  concentration  of  mercury  would  be  about  a  billion  times 
as  dense  as  that  in  a  saturated  free  space  at  the  same  temperature. 

The  Action  on  Powdered  Red  Auorfhovs  Selenium. 
If  in  the  Giltay  cell,  we  could  have  been  certain  that  all  the  selenium 
was  acted  upon,  we  would  have  known  by  the  absence  of  increased  weight 
that  no  chemical  action  took  place.  But  as  there  was  no  obvious  change 
of  color  or  appearance,  no  estimate  could  be  made  of  the  extent  of  action 
of  the  mercury,vapor. 

The  red  amorphous  selenium  was  exposed  to  the  mercury  vapor  in  a 
vacuum  with  the  hope  that  a  change  in  color  would  indicate  the  extent  of 
the  action.  First  a  very  small  fraction  of  a  gram  of  the  red  powder  was 
scattered  in  the  vacuum  tube.  Within  half  an  hour  after  high  vacuum 
was  reached  this  selenium  had  turned  black.  The  selenium  was  then 
packed  between  two  wire  electrodes.  The  resistance  was  fairly  steady 
at  240  ohms.  It  was  also  light-negative,  showing  an  increase  of  from  0.5 
to  20  ohms.  After  heating  for  thirty  minutes  at  210°  the  resistance  was 
reduced  to  1.2  ohms.  For  a  week  following  this  heating  the  resistance 
was  unsteady  and  slowly  increased  in  value.  However  it  did  become 
steady  after  this  interval  and  it  was  then  quite  light-sensitive.  Several 
light-negative  samples  were  made  by  packing  this  black  selenium  between 
wire  electrodes.  They  were  all  of  very  low  resistance  and  light-negative 
in  character. 

The  fact  that  the  red  amorphous  form  did  change  its  color  to  a  distinct 

black,  made  it  aeem  apparent  that  chemical  action  did  not  take  place. 

If  mercury  selenide  were  formed,  then  when  all  the  selenium  chat^:ed  to 

the  black  form  it  should  increase  in  weight  by  the  ratio  of  79  to  200. 

Two  Samples  c»  Rbd  SELBmuM  wbrx  Weighed  as  Follows: 

Test  No.  1. 

Weight  of  gUss  tube  container 1.066  gm. 

Container  +ielenlum I.66I 

In  vacuum  4  hours,  90  per  cent,  block 1.674 

In  vacuum  12  haurt 1.667 

Id  vacuum  10  hours  longer 
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Ttjt  No.  ». 

Weight  of  paper 0.5  U  {m. 

Paper  -(-  red  unorpboui  aelenlum.  .808 
After  4  houn  ezponire  to  vapor . .  .K03 
After  12  houn  lonierexpoBure...   .S03 

EipMure  coDtlaued  6  horn SOS  ■elenlumatmoBt  entirely  biMk. 

ExpoiUK  continued  4  houn 797  mercury  heated  ilighcly. 

Expoted  to  all  Itf  houn 615 

Exposed  to  houn  longer  In  vacuum  .801 
Expoaed  to  air  3  boura 813 

A  third  test  was  made  using  2.013  grams  of  selenium.  After  exposure 
for  about  60  hours  the  selenium  was  mostly  blackened,  and  the  weight 
had  increased  to  only  2.033  grams.  During  exposure  the  effect  of  the 
mercury  vapor  did  not  penetrate  far  into  the  mass  of  powder.  It  was 
seldom  blackened  deeper  than  a  millimeter,  so  that  it  was  necessary  to 
frequently  stir  a  fresh  surface  for  exposure.  The  second  test  showed 
what  seemed  to  be  the  hygroscopic  property  of  the  selenium,  by  an 
increase  in  weight  when  it  was  exposed  to  the  air.  The  fact  that  the 
selenium  is  blackened  only  near  the  surface,  leads  to  the  belief  that 
the  absorbed  moisture  does  not  play  a  very  important  part  in  the 
transformation. 

The  figures  in  these  three  tests  apparently  demonstrate  that  chemical 
combination  between  the  selenium  and  the  mercury  vapor  is  quite  in- 
conceivable. If  there  were  any  definite  measurable  increase  of  weight 
due  to  the  absorption  of  mercury  vapor,  it  is  masked  by  the  variations 
in  weight  due  to  moisture  and  uncertain  causes. 

However  I  was  deceived  here  by  assuming  that  because  the  selenium 
was  blackened  in  from  4  to  60  hours,  and  increased  in  weight  by  less 
than  .03  gram  that  there  could  be  no  further  action  between  the  mer< 
cury  and  the  selenium.  The  truth  is  that  while  it  was  blackened  tt  was 
not  all  acted  upon.  After  beit%  exposed  1 ,230  hours  in  a  high  vacuum  a 
sample  wdghing  0.565  gram  increased  in  weight  to  1.803  grams.  When 
the  vacuum  was  kept  at  the  X-ray  stage  the  increase  was  almost  uni- 
formly one  milligram  per  hour  for  the  first  1,000  hours,  but  during  the 
next  200  hours,  the  weight  increased  more  and  more  slowly.  If  mercuric 
selenide  were  formed  the  weight  should  have  ultimately  increased  to 
1-995  grams.  The  fact  that  this  weight  was  not  quite  reached  can  easily 
be  racplained  by  the  loss  of  selenium  during  weighings  and  by  diffusion  ^ 
of  its  vapor  in  high  vacuum,  if  not  to  the  fact  that  sufficient  time  was 
not  allowed  for  complete  penetration  and  action. 

I  do  not  believe  it  right  to  assume  at  this  time  that  the  mercury  vapor 
in  a  finely  divided  state  in  the  selenium  can  have  these  light-n^ative 
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properties,  except  for  the  action  of  light  on  selenium  or  the  selenium 
compound. 

One  determination  of  the  density  of  this  new  selenium  gave  4.98,  but 
this  particular  sample  may  have  had  some  free  mercury  with  it.  With 
tay  arrangements  it  is  a  slow  process  to  produce  a  sufficiently  large 
quantity  for  an  accurate  determination  of  the  density.  A  globule  of 
mercury  acts  very  rapidly  on  selenium  surrounding  it  in  a  vacuum  but 
at  atmospheric  pressure  a  mercury  globule  in  contact  with  the  red  powder 
will  not  perceptibly  color  the  selenium  in  several  days.  Later  I  hope 
to  obtain  the  density  more  accurately.  It  will  probably  show  the  same 
density  as  mercuric  selenide,  which  in  fact  it  resembles. 

It  may  be  mentioned  that  powdered  vitreous  selenium  when  placed  in 
an  atmosphere  of  mercury  vapor  for  18  hours  also  assumes  a  high  con- 
ductivity and  the  light-negative  property.  There  is  no  apparent  change 
in  the  color  of  this  modification.  It  is  rather  strange  that  any  powder 
should  have  such  a  high  conductivity  when  rather  loosely  packed  as  the 
powders  here  were  packed.  The  interaction  between  the  mercury  and 
the  selenium  arises  probably  more  essentially  from  a  property  of  the 
selenium.  Powdered  sulphur  when  exposed  several  days  to  mercury 
vapor  at  the  same  time  the  selenium  was  exposed  showed  no  conductivity 
at  all. 

SUUUAKY. 

1.  Mercury  vapor  acts  on  selenium  in  such  a  manner  as  to  produce  a 
very  high  conductivity  and  the  light-negative  property. 

2.  The  mercury  acts  on  the  amorphous  form  and  probably  also  on  the 
other  modifications  so  as  to  produce  selenium  of  new  characteristics. 
Permanent  chemical  compounds  are  probably  formed  between  the  mer- 
cury and  the  selenium. 

3.  A  very  easy  and  satisfactory  method  of  making  light-negative 
selenium  cells  is  to  place  the  amorphous  selenium  in  a  mercury  vacuum 
until  it  becomes  black,  and  then  to  press  this  black  selenium  between 
fixed  electrodes. 

4.  The  enei^  curve  should  be  mapped  out  in  order  to  gain  evidence 
as  to  the  similarity  of  action  of  light  in  this  and  light-positive  selenium, 

Tbb  State  Univeksitt  op  Iowa. 


Digitized  by  Google 


Stamd  Series.  September,  1913.  Vtd.  II.,  No.  3. 


THE 

PHYSICAL  REVIEW. 


THE  REFRACTION  OF  GASES  AT  DIFFERENT 
TEMPERATURES  AND  PRESSURES. 

Br  H.  D.  Aybcs. 

Historical. 
'  I  "HE  greater  part  of  the  early  investigations  on  the  subject  of  the 
■'-  refraction  of  gases  was  done  with  one  of  two  aims  in  view:  (i)  the 
determination  of  the  constants  necessary  for  the  correction  of  astro- 
nomical observations,  and  (2)  the  experimental  verification  of  the 
constancy  of  the  relation  (»  —  i)/p  =  constant,  which  expression  is 
derived  from  theoretical  considerations  in  the  emis«on  theory. 

In  general,  two  methods  have  been  employed  in  the  investigations  of 
the  subject,  namely:  the  prism  method  and  the  interference  method. 
Much  of  the  early  work  was  done  by  the  prism  method.  Dulong,'  for 
instance,  in  1826  used  a  hollow  prism  made  from  a  metal  tube,  the  ends 
of  the  tube  being  cut  at  an  angle  to  its  length  and  closed  by  means  of 
plates  of  glass.  He  used  a  constant  deviation,  that  is,  ran  the  gas  into 
the  prism  until  the  deviation  in  each  case  was  the  same.  Arago  in  his 
earlier  work  used  the  prism.  Gladstone  and  Dal^  used  the  prism 
method  in  the  work  in  which  they  established  the  constancy  of  the 
relation  since  known  under  their  name. 

Probably  the  first  to  apply  the  method  of  interference  to  the  problem 
was  Arago  in  1821. 

Since  that  time  various  modifications  of  the  method  have  been  used, 
probably  the  best  known  of  which  is  that  due  to  Jamin.*    Mascart* 

I  Annalei  d«  chim.  et  de  pfay«..  3  aer.,  t.  XXXI..  p.  154,  1S16. 

•  Phil.  Tram.,  p.  867.  185S:  Pbil.  Timni.,  153.  1863.  pp.  317-343. 

'Ann.  de  chim.  eC  d«  phya.,  t.  LII.,  p.  iSs8:  t.  LXI.,  p.  385,  1861;  Comp.  Rend.,  1856, 
p.  I  igi ;  VoL  45,  1857,  p.  tSgi. 

•Ann.  M. de  VEco^  Normale sup.,  1  wr., t.  VI., p. p,  iS77;Comp.  Rend.,  Vol.  78.  pp.617. 
679.  Soi.  1874;  Vol.  86.  pp.  31I,  1183.  1S78. 
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working  with  the  same  appeiratus  made  some  refinements  and  rediscussed 
much  of  the  earlier  work  of  Jamin,  showing  that  the  observations  could 
be  more  nearly  expressed  by  the  relation  (n  —  i)/p  =  const,  than  by  the 
equation  («*  —  l)/p  =  const,  used  by  Jamin. 

Perreau'  made  some  further  modifications  in  the  apparatus  and  studied 
the  refraction  and  dispersion  of  hydrogen,  carbon  monoxide,  and  carbon 
dioxide,  at  room  temperature,  and  pressures  (differentially)  to  about 
five  atmospheres. 

Kayser  and  Runge*  have  used  the  prism  more  recently  in  connection 
with  the  grating. 

Chappuis  and  Riviere'  used  a  modification  of  Jamin's  method,  studying 
air,  carbon  dioxide,  and  cyanogen  at  ordinary  temperature  and  at 
pressures  up  to  so  atmospheres.  These  gases  were  chosen  because  they 
differ  widely  in  their  densities  and  other  physical  properties.  For  mr, 
the  densities  were  computed  by  means  of  Van  der  Waal's  equation  and 
the  constancy  of  the  equation  (n  —  i)/p  =  const,  was  found  to  hold 
within  experimental  errors. 

For  carbon  dioxide,  a  formula  from  Clausius  was  used  in  computing 
the  densities,  the  coefHdentB  proposed  by  Sarrau  being  adopted.  In  the 
case  of  this  gas  a  linear  relation  was  found  also. 

Benoit,*  in  the  course  of  an  investigation  on  the  comparisons  of  meter 
bars  by  means  of  the  Fizeau  dilatometer,  had  occasion  to  make  correction 
for  the  refraction  of  the  air.    He  tested  the  validity  of  the  relation 


by  the  use  of  his  apparatus,  making  observations  in  vacuo  and  In  air  at  a 
pressure  of  one  atmosphere.    His  observations  extended  over  a  range 
of  temperature  from  o°  to  80°.    The  results  obtained  verified  the  cor- 
rectness of  the  expresMon  for  the  pressure  and  temperatures  used. 
Apparently  the  only  work  so  far  published,  in  which  the  observations 

<  Ana.  chUn.  et  de  phys.,  (?)  t,  p.  389,  1S96. 

(Ann.  der  Phy*.,  Vol.  ao,  p.  393,  1893;  Abb.  der  Berl,  Akod..  1893. 

■Ann.  de  cblm.  et  de  phya..  6  ser..  VoL  14.  p.  5<  1888.  (For  further  modificatlODB  of 
Jamin'a  prindplea  and  applications  of  the  apparatus  see:  Ttaver'a  Study  of  Gases,  Ch. 
XXi.;  Burton,  W..  Roy.  Soc.,  Proc.,  80,  1908,  p.  390;  Magri,  L.,  Phyi.  Zdtsclir.,  6,  190S. 
p.  629;  Rayleigh.  Nature,  81,  1909.  p.  5191;  various  conununicatloos  to  Roy.  Soc..  Proc. 
•nd  Pbll.  Trans.,  be^nning  in  1904.  by  Cuthbertson,  C.) 

•Jour.  dePbys.,  aser..  8,  p.  451,  1889.  (For  other  work  on  refractlvlty  see:  Nag»olta,  H., 
"Rdatloa  between  Index  of  Refraction  and  Density,"  Math,  and  Phys.  Soc.,  Tokyo,  3,  19. 
pp.  393,  1905;  RentscUer,  H.  C,  "New  Method  of  Measuiinx  tlie  Index  of  Refraction  of  a 
Gas  for  Different  Llgbt-waves,"  Astro.  Phys.  Joor.,  38,  p.  345.  1908:  Slertaema.  L.  H.  and 
de  Haas,  M..  "  RefracUve  Indices  of  Gases  under  High  PresMiret,"  Koninic  Akad.  Wetensdi. 
Ams.,  Proc..  14.  p.  59i>  'O"- 


Digitized  by  Google 


52"^]  REFRACTIOK  OF   CASES.  1 63 

were  extended  to  low  temperatures  is  that  of  Scheel.*  Observations  were 
made  at  liquid  air  temperatures  on  atmospheric  air,  nitrogen,  and 
hydrc^en,  at  a  pressure  of  one  atmosphere,  that  is,  readings  were  made 
in  vacuo  and  at  a  pressure  of  one  atmosphere.  Aeeuming  the  correctness 
of  the  expression  {»  —  i)/p  =  constant,  Scheel  deduces  the  values  of  the 
densities  of  the  gases  at  liquid  air  temperatures  from  the  refractive 
indices  and  compares  the  results  with  those  obtained  by  other  methods, 
and  with  the  values  computed  from  the  gas  laws.  His  conclusions  were, 
that  within  the  limits  of  accuracy  of  observation  of  his  experiments,  the 
constancy  of  the  relation  is  established. 

Other  expresaons  have  been  derived  in  the  attempt  to  represent  more 
closely  the  relation  between  the  refractive  indices  and  the  density,  the 
most  notable  of  which  is  probably  that  arrived  at  independently  by 
Lorentz*  and  Lorenz*  and  Icnown  as  the  Lorentz-Lorenz  formula.  By  a 
simple  approximation  it  passes  into  the  Gladstone  and  Dale  formula, 
and  on  the  whole  it  seems  to  be  an  open  question  whether  this  more 
complex  formula  represents  the  facts  more  closely  than  the  simpler 
expression  of  Gladstone  and  Dale. 

It  appears  that  the  method  of  arriving  at  the  proper  value  of  the 
densities  may  be  a  matter  of  greater  importance  than  the  small  differences 
in  these  formulae.  Including  the  usual  method  of  taking  the  density  as 
directly  proportional  to  the  pressure  we  have  already  noted  three  methods 
of  deducing  the  den«ties.  Whatever  question  may  remain  as  to  the 
superiority  of  this  exi»'ession  or  that,  it  is  evident  that  the  relation 
between  the  refractive  indices  and  pressure  is  not  in  all  cases  a  linear  one. 

Method  and  Apparatus. 
In  the  experiments  to  be  described  in  this  paper  the  interference 
method  was  used,  and  the  change  ensuing  in  the  optical  path  of  light 
traversing  twice,  the  distance  between  two  reflecting  surfaces  upon 
admitting  a  gas  to  the  space  between  the  surfaces  was  determined. 
If  one  represents  by  k  the  total  shift  of  interference  bands  of  wave- 
lei^th  X,  and  by  n  the  index  of  refraction  of  the  gas,  then  one  has  the 
relation 

n  -  I  =  k\l2d, 

1  "  B«stlfamung  der  BrecbungBtxponenten  von  Gaaen  bei  Zimmertcinperature  und  b«i  der 
Temperature  der  fiuMlgen  Luft."  Verhaod.  der  Deuttcta.  Phst.  Getell..  IX.  Jahrg..  Mr.  1,  ISK17. 

>  Wkd.  Ann.,  p,  643.  iSSo;  11,  tT.  1880. 

'Jour,  de  Ph3n..  447,  1885.  (For  oUmt  exprcMloiu  cooDecUnc  refractlTC  tndicCT  mad 
dcnaiCy  see:  Edwards,  Amer.  Cbem.  Jour.,  16.  61$.  18941  17,  473,  1895;  Nagaoka,  Math,  and 
Pbys.  Soc.  Tokyo.  9.  19,  393,  1905.  For  further  couceminf  Gladitone  and  Dale'i  formula 
ace:  Landolt,  Lieb.  Attn.,  Suppl.,  4.  i.  1S65;  Sutherland,  PhU.  Mag.,  >7.  141.  t8Sg.) 
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where  d  is  the  distance  in  cm.  between  the  surfaces.  At  a  given  tempera- 
ture, since  d  is  constant  and  k  depends  upon  the  pressure,  it  may  be  noted 
that  values  of  n  are  obtained  for  corresponding  values  of  the  pressure. 

The  general  plan  of  the  apparatus  used  and  also  many  of  the  details 
of  manipulation  have  been  described  in  previous  articles  in  this  journal' 
on  expansion  work  at  low  temperatures.  Many  modifications  in  the 
apparatus  were  required  however,  and  after  considerable  preliminary 
work,  testing  different  schemes  in  the  attempt  to  obtain  a  vessel  suitable 
for  containing  the  interference  appeu'atus  and  which  would  hold  at  liquid 
air  temperatures  a  vacuum  or  a  gas  under  considerable  pressure,  the 
form  of  the  apparatus  described  below  was  finally  used. 

The  interference  apparatus  consisted  of  two  plates,  i8  mm.  in  diameter ; 
one,  Gg  (Fig.  i)  was  of  black  astronomical  glass  with  one  face  plane  and 
polished,  the  other,  Gq,  of  optical  g]ass,  both  faces  being  plane  and  polished 
and  inclined  at  an  angle  of  a  few  minutes  to  each  other.  A  hollow 
cylinder  of  quartz  Q  about  15  mm.  in  length  separated  the  plates,  thus 
giving  an  optical  path  of  some  30  mm.  with  a  vacuum  or  a  slightly  longer 
path  when  the  gas  was  admitted.  The  adjustment  of  these  parts  in  the 
steel  chamber  as  first  used  was  as  follows:  a  brass  disk  of  diameter 
lightly  less  than  the  inside  diametw  of  the  chamber  had  one  surface  cut 
out,  leaving  a  thin  rim  around  the  edge  within  which  the  black  plate 
would  rest.  To  the  under  side  of  the  disk  were'  attached  three  small 
spiral  springs  of  such  length  that  when  the  two  plates  and  quartz  cylinder 
were  in  place,  the  upper  surface  of  the  top  plate  projected  slightly  above 
the  top  of  the  chamber.  Upon  inserting  the  plate  glass  cover  disk,  the 
springs  were  compressed  and  the  parts  were  thus  held  snugly  against 
each  other,  the  upper  surface  of  the  optical  glass  being  in  contact  with 
the  lower  surface  of  the  cover  disk.  With  this  arrangement,  however, 
the  fringe  system  was  altered  by  tightening  one  or  another  of  the  screws 
by  which  the  chamber  was  held  in  place,  and  upon  cooling  to  liquid  air 
temperature  the  fringes  became  very  much  distorted.  It  was  thus  evi- 
dent that  the  optical  system  must  be  kept  free  from  contact  with  the  side 
of  the  chamber,  at  least  toward  the  lower  end.  In  order  to  accomplish 
this,  the  optical  glass  plate  Gq  was  attached  to  the  cover  disk  Gp  by 
Canada  balsam  being  placed  concentrically  with  it.  A  hollow  brass 
cylinder  C  of  diameter  slightly  greater  than  that  of  the  disk  and  having 
a  very  thin  wall  was  made,  and  the  springs  s,  s  for  holding  the  quartz 
cylinder  and  black  glass  in  place  were  mounted  on  the  lower  edge  of  this 
brass  shell.  Also  to  its  lower  end  were  soldered  the  three  phosphor 
bronze  springs  S  to  rest  on  the  bottom  of  the  chamber  and  thus  keep 

1  Vol.  id.  p.  3S,  1905;  Vol.  35,  p.  sS.  ipOT.  and  rcfereacea  In  tbeae  aiticlea. 
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the  top  of  the  shell  in  contact  with  the  plate  cover  disk.  Since  the 
optical  glass  G  was  fixed  in  place,  it  held  the  other  parts  in  the  center  of 
the  chamber  by  means  of  the  brass  shell.  In  this  manner  no  contact 
was  made  with  the  outside  chamber  except  through  the  springs,  and  the 
slight  motion  of  the  bottom  of  the  chamber  was  not  sufficient  to  cause  a 
distortion  of  the  fringe  system  through  them. 

But  one  serious  trouble  arose  with  this  arrangement;  at  liquid  air 
temperature  the  Canada  balsam  underwent  some  peculiar  changes, 
becoming  almost  opaque  at  one  temperature,  or  at  one  stage  of  the 
transitions.  To  remedy  this,  it  was  removed  from  the  plates  and  three 
drops  of  solder  placed  on  the  outside  of  the  brass  shell  very  near  the  top 
to  keep  the  optical  system  concentric.  This  arrangement  proved  satis- 
factory. 

The  chamber  for  containing  the  gas  and  interference  apparatus  was 
made  from  a  piece  of  seamless  steel  tubing  2.2  cm.  in  diameter,  and 
about  4  cm,  long.  Into  one  end  of 
this  was  brazed  a  disk  cut  from  a 
piece  of  strap  steel,  thus  dosing  the 
end.  Into  the  other  end  was  ground 
a  disk  of  plate  glass  Cp,  the  finish- 
ing being  done  with  a  very  fine 
grade  of  carborundum  powder.  To 
the  side  of  the  tilbe  was  attached  a 
piece  of  brass  tubing  for  exhausting 
and  admitting  the  gas.  The  cham- 
ber was  mounted  at  the  end  of  a 
quartz  tube  18  mm.  inside  diameter 
and  23  mm.  outside  diameter  and 
about  40  cm.  long. 

Fig.  I  is  a  drawing  of  the  vertical 
cross  section  of  the  chamber.  It 
shows  also  the  plan  used  in  attach- 
ing it  to  the  quartz  tube.  A  short 
piece  of  steel  tubing,  Si,  of  diameter  Fig.  1. 

such  that  it  fitted  closely  over  the 

end  of  the  quartz  tube  was  screwed  into  and  soldered  to  a  steel  disk  5^. 
The  steel  tube  Si  was  attached  to  the  quartz  tube  by  means  of  plaster  of 
Paris. 

The  steel  disk  5^  had  an  opening  in  its  center  i  cm.  in  diameter  for 
admitting  the  light  to  the  chamber.  The  lower  side  of  the  disk  was 
ground  plane  and  the  plate  cover  glass  Gp  rested  against  it  with  stopcock 
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grease  between  the  surfaces.  In  this  manner  the  lower  end  of  the  tube 
was  made  airtight,  though  it  was  not  exhausted.  In  order  that  the 
chamber  take  a  position  concentric  with  the  opening  in  the  steel  disk,  a 
brass  ring  R  was  attached  to  the  former. 

The  upper  end  of  the  quartz  tube  was  set  by  plaster  of  Paris  in  a  brass 
tube  B,  Fig.  2,  which  was  rigidly  attached  at  right  angles  to  a  brass 
plate.  This  plate  was  screwed  to  the  under  side  of  the  rectangular 
steel  block  A.  This  block  had  leveling  screws  and  bolts  for  clamping  it 
in  [>osidon  after  all  adjustments  were  made. 


Fig.  2. 


The  air  inclosed  in  the  quartz  tube  was  dry  and  at  E  was  attached  a 
tube  with  drying  reagents  so  that,  as  the  volume  of  the  air  in  the  quartz 
tube  tended  to  decrease  due  to  change  in  temperature,  dry  air  was 
drawn  in. 

Fig.  2  is  a  side  view  showing  the  relation  of  the  different  parts  of  the 
apparatus.  The  whole  was  built  on  a  heavy  optical  bench  mounted  at 
the  ^de  and  about  20  cm.  from  the  edge  of  a  table.  C  was  a  collimating 
tube  with  a  slit  Si  at  the  principal  focus  of  the  lens  £.1.  A  flint  glass 
prism  was  mounted  at  P  in  such  a  manner  as  to  rotate  upon  an  axis 
through  its  center.  The  lens  Lt  brought  the  light  to  a  focus  at  si,  at 
which  point  was  placed  an  adjustable  spectroscope  slit.  The  mounting 
of  the  prisms  pi  and  p^  not  shown  in  the  drawing,  was  such  that  a  motion 


REFRACTION  OF  CASES. 


167 


of  translation  in  the  vertical  plane  could  be  had,  a  rotation  about  an  axis 
perpendicular  to  the  spectroscope  slit,  a  rotation  about  a  second  hori- 
zontal axis  at  right  angles  to  this  one,  and  finally,  the  whole  mounting; 
was  hinged  at  the  side  and  by  one  motion  of  the  hand  could  be  swung 
around  out  of  the  field  in  making  other  adjustments,  and  then  brought 
back  to  exactly  the  same  position.  The  light  was  reflected  down  by 
the  prism  ^1,  rendered  parallel  by  the  lens  Lt  which  was  mounted  with  a 

From  Pump 


To  Pump 


rack  and  pinion  adjustment,  was  transmitted  to  the  interference  appar- 
atus from  which  it  was  again  reflected  and  again  brought  to  a  focus  at 
the  prisms  and  deflected  horizontally  by  the  prism  pi  to  the  observing 
telescope.  This  a^nnsted  of  a  short  focus  lens  L4  and  a  micrometer 
eye-piece  fitted  with  cross  hairs  at  right  angles  and  double  movable  cross 
hairs.  This  telescope  had  a  rack  and  pinion  vertical  adjustment  and  a 
lateral  adjustment  by  means  of  a  tangent  screw. 

On  the  lower  surface  of  the  optical  cover  glass  was  cut  a  small  circle 
about  I  mm.  in  diameter,  and  the  fixed  cross  hairs  in  the  eyepiece  were 
set  tangent  to  this  circle.    Such  a  circle  is  easily  obbuned  by  mountii^ 
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the  glass  in  the  chuck  of  a  small  lathe  and  while  rotating  slowly,  bring  a 
diamond  point  against  the  surface  of  the  glass,  using  a  suitable  rest. 

The  gas  circuit  is  shown  in  Fig.  3.  A  mercury  pump  was  placed  at 
the  side  of  the  optical  parts  away  from  the  table  and  connections  made 
to  it  above  the  part  of  the  apparatus  just  described.  The  parts  shown 
in  the  diagram  were  mounted  on  the  table  near  its  end,  being  thus  placed 
at  the  right  of  the  optical  parts,  and  the  two  principal  stopcocks  Ki  and 
Kt  were  within  easy  reach  while  observing  at  G,  Fig.  2.  Ri  represents 
a  cylindrical  glass  reservoir  about  3  cm.  in  diameter  and  30  cm.  long; 
Rt  the  mercury  level  reservoir  was  of  the  same  diameter  but  somewhat 
longer.  Both  of  these  were  mounted  on  the  front  side  of  a  piece  of  stud- 
ding extending  to  the  ceiling.  Ri  was  mounted  in  a  fixed  position  with 
its  upper  end  a  little  above  the  top  of  the  table. 

Ri  was  mounted  on  a  carriage  which  could  be  moved  up  and  down 
the  timber  by  means  of  a  cord  passing  over  a  system  of  pulleys  at  the 
ceiling.  These  cylinders  were  connected  by  pressure  tubing  which  was 
wrapped  with  cord  to  prevent  undue  extension  when  cylinder  J?j  was 
t:aised.  Along  the  center  of  the  timber  were  mounted  meter  bars  for 
measuring  the  difference  in  height  of  the  mercury  columns.  The  readings 
U[>on  these  were  made  in  a  manner  similar  to  that  in  reading  an  ordinary 
barometer.  That  is,  brass  collars  of  thin  sheet  brass  were  made  of 
diameter  a  few  millimeters  greater  than  the  diameter  of  the  glass  cylinders 
and  these  collars  were  mounted  to  move  easily  up  and  down  over  the 
cylinders.  The  lower  ends  of  the  collars  were  finished  with  pointers 
extending  i  or  2  mm,  over  the  edges  of  the  meter  bars,  also  the  lower 
edge  of  the  collar  and  the  lower  edge  of  the  pointer  were  in  the  same 
horizontal  plane.  The  surfaces  back  of  the  cylinders  were  of  such 
character  as  to  give  diffuse  reflection.  In  reading,  the  collar  was  brought 
down  until  light  could  just  be  seen  over  the  surface  of  the  mercury,  and 
the  corresponding  point  on  the  meter  bar  read  off.  In  this  manner 
pressure  readings  could  be  made  to  an  accuracy  greater  than  0.5  mm., 
but  since  the  coefficient  of  expansion  of  the  meter  bars  was  not  accurately 
known,  nor  to  what  extent,  if  at  all,  they  were  affected  by  the  relative 
humidity,  no  attempt  was  made  to  read  closer  than  0.5  mm.,  and  the 
final  readings  are  given  to  the  nearest  mm. 

In  interference  work  where  a  large  path  difference  is  used,  probably 
the  most  satisfactory  light  is  the  green  light  of  the  Cooper-Hewitt 
mercury  lamp.  This  was  used  in  the  preliminary  work,  though  it  was 
the  intention  to  use  a  series  of  spectral  lines  in  the  final  observations  on 
the  gases  studied.  No  source  of  light  was  found  satisfactory  for  the 
work  however,  so  the  Cooper-Hewitt  lamp  was  used  throughout  the 
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investigation,  observations  being  made  with  the  green  and  yellow  lines. 
The  mean  of  the  wave-lengths  of  the  yellow  lines  was  used  in  the  compu- 
tations. 

Upon  a  change  of  pressure  ensuing,  it  is  obviously  imposuble  to  cxtunt 
the  bands  for  more  than  one  spectral  line.  To  repeat  the  experiment 
under  identical  conditions  and  count  the  shift  of  bands  for  a  second 
spectral  line  is  also  impossible.  This  difficulty  may  be  overcome  in  two 
or  three  ways.  In  any  case  the  fraction  of  the  band  nearest  the  fixed 
cross  hairs  is  determined  for  each  system  of  fringes  at  each  pressure, 
«.  e.,  for  the  fringes  of  each  spectral  line  used.  Then,  having  counted 
during  the  change  in  pressure  the  whole  number  of  bands  moved  of  the 
wave-length  chosen  as  the  standard,  the  exact  number  including  the 
fraction  is  known  for  this  wave-length.  Also  the  fraction  of  a  band  for 
the  other,  or  for  each  of  the  other  of  the  spectral  lines  used  is  known. 
If  the  total  number  of  bands  moved  is  small,  the  integral  number  corre- 
sponding to  the  fraction  or  to  each  of  them,  can  usually  be  determined 
at  once  by  inspection. 

If  the  number  of  bands  moved  is  large,  and  the  number  cannot  be 
determined  by  inspection,  a  method  similar  to  that  given  by  Pulfrich' 
for  the  determination  of  the  change  of  bands  in  dilatometer  work  by  the 
use  of  two  or  three  spectral  lines  instead  of  counting  the  bands  may  be 
used. 

Leta  =  the  whole  number  of  bands  moved  of  the  wave-length  chosen 
as  the  standard;  let  So  —  the  initial  fraction,  and  it  =•  the  fraction 
affer  the  change  in  pressure  has  taken  place.  Let  6,  6,  and  i',  represent 
the  corresponding  values  for  a  second  spectral  line.  Then  o  +  Jo'  —  3o  =* 
the  total  number  of  bands  shifted  in  the  case  of  the  first  or  standard 
wave-length  and  i  -f  S'  —  2  ~  the  total  number  of  bands  shifted  for 
the  second  wave-length.    Also 

a+S^'  -  S  =  No(i  -  «o) 
and 

6  +  5'  -  a  =  JV(i  -  «) 

where  ^o  and  N  are  the  total  number  of  wave-lengths  respectively  in  the 
path  traversed  by  the  light.  Dividing  the  first  equation  by  the  second 
and  rearranging,  there  is  obtained 

a+Sy'-io^b+S'-i 

Noil  -  no)        Nil  -  «) 
or 

~  (fl  +  5o'  -  5o)  =  ~^  ib+6'-  i),  iA) 

'  Zeits.  far  Inst..  1B93.  p.  365. 
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—  a  =  ~:^  (6  +  5'  -  «)  -  -  (V  -  So).  (5) 

Since  A^o  =  2d/Xo  and  N  =  2d/X,  one  has  N{No  =  (2(i/X)/(2dAo) 
=  Xo/X  =  a  constant,  j  say.  Also,  for  the  present  purpose,  with  a  given 
gas  the  ratio  (i  —  mo)/Ci  —  ")  may  be  considered  as  constant  =  k  say. 
Then 

■W.  (Q 

A  table  can  be  formed  the  first  column  of  which  contains  the  successive 
values  of  a  as  I,  2,  3,  etc.,  the  second  column  the  integral  parts  of  the 
product  (y/it)  ■  a,  aso,  1, 2, 3,  etc.,  and  the  third  column  the  fractional  part 
of  the  product.  The  quantity  J'  —  5  —  (j/k)  (Jo'  —  So)  must  correspond 
to  the  fractional  part.  Therefore  the  whole  number  b  can  be  obtained 
from  the  table  at  once. 

It  is  obvious  that  this  cannot  be  relied  upon  to  the  same  degree  of 
accuracy  as  the  method  referred  to  above,  which  is  frequently  used  where 
the  interference  method  is  applied  to  linear  measurements  only.  Not- 
withstanding this  fact,  equation  (C)  has  been  found  very  useful  in  the 
present  investigation. 

A  more  exact  though  more  laborious  method  is  to  solve  equation  (B) 
directly  for  each  separate  case.  The  only  unknowns  in  this  equation 
are  b  and  n  and  the  latter  can  be  substituted  in  terms  of  b  and  N,  and  b 
thus  determined. 

Temperature  Measurements. 

For  those  observations  made  at  0°,  the  apparatus  was  packed  in 
powdered  ice  in  a  Dewar  cylinder.  Under  these  conditions,  of  course 
no  question  exists  as  to  the  constancy  of  the  temperature  nor  of  its 
absolute  value.  For  the  observations  made  at  liquid  air  temperatures, 
a  platinum  resistance  thermometer  was  used  to  determine  the  tempera- 
ture. The  wire  of  this  thermometer  was  mounted  by  threading  it 
through  small  holes  punched  in  thin  strips  of  mica,  then  other  strips  were 
laid  on  these  and  rolled  into  a  ring  about  3  cm.  in  diameter.  Two  leads 
were  fused  to  each  end  of  the  thermometer  wire.  The  ring  was  tied  to 
the  outside  of  the  chamber.  Since  the  chamber  and  thermometer  were 
completely  immersed  in  the  liquid  air  it  seems  very  probablp  that  the 
temperature  of  the  enclosed  gas  was  that  indicated  by  the  thermometer. 

The  thermometer  was  calibrated  by  observing  its  resistance  in  steam, 
in  ice,  and  in  liquid  oxygen.  Callendar's  formula  was  used,  the  5  being 
computed  by  means  of  the  values  of  these  resistances. 

l.aiNzsdbyGoOgIC 


0.3.   J 


REFRACTION   OF  CASES. 


171 


One  series  of  observations  was  made  on  carbon  dioxide  at  —  78° .3  C. 
This  temperature  was  obtained  by  immersing  the  chamber  in  a  mixture 
of  COi  snow  and  alcohol. 

It  may  be  noted  that  for  the  observations  at  liquid  air  temperature  the 
values  of  the  indices  obtained  upon  decreasing  the  preBSure  are  slightly 
greater  than  those  obtained  upon  increasing  the  pressure.  This  is  due 
to  the  slight  rise  in  temperature  resulting  from  the  evaporation  of  the 
liquid  air  during  the  progress  of  the  readings.  Except  in  one  or  two 
cases  espedally  noted,  this  change  was  slight.  The  temperatures  given 
at  the  head  of  the  tables  are  the  mean  temperatures  where  the  variation 
amounts  to  as  much  as  one  and  one  half  or  two  tenths  of  a  degree. 

During  the  preliminary  work  on  the  apparatus  a  number  of  readings 
were  made  on  atmospheric  air,  mainly  at  pressures  of  about  one  atmos- 
phere. The  carbon  dioxide  and  water  vapor  were  removed  from  the 
air.  Some  of  the  observations  were  made  at  room  temperature  and 
some  at  0°  C,  Reducing  the  former  to  o'  and  all  to  76  cm.  pressure  by 
means  of  the  relation  (wj,  p  —  i)/p»,  ,■  "■  (no. »  ~  i)/po>7t>  there  is 
obtained  by  taking  the  mean  of  a  number  of  these  the  value  i.ooo  2922 
for  the  index  of  refraction  of  the  green  mercury  line,  and  I.ooo  2914  for 
the  yellow  line,  with  a  probable  error  of  0.000  0003.  In  some  of  these 
readings  the  pressure  was  obtained  from  roughly  balanced  mercury 
columns  and  may  have  been  incorrect  to  i  or  2  ram.  If  a  corresponding 
series  had  been  made  when  the  apparatus  was  in  its  final  working  con- 
dition, the  probable  error  would  certainly  be  very  much  less. 

The  value  of  the  index  of  the  D-line  obtmned  by  means  of  a  dis- 
persion formula  from  the  above  stated  values  is  in  very  good  agreement 
with  the  values  tabulated  by  Scheel. 

Two  or  three  sets  of  observations  were  also  made  on  air  at  liquid  air 
temperatures,  one  of  which  is  given  in  the  table  below.  The  E>ewar 
cylinder  used  to  contain  the  liquid  air  was  a  poor  one  and  the  liquid  air 
evaporated  rapidly,  thus  causing  aconsiderable  rise  in  temperature  during 
the  course  of  the  readings.  The  first  temperature  was  read  near  the  begin- 
ning and  the  second  temperature  at  the  conclusion  of  the  observations. 
Almoiphtric  Air.     -ISPjO,  .  .  .   -ISSf-OC. 


Prraavn. 

Otmb. 

Yall»». 

B.Dd.. 

I  — I)W. 

Buda. 

(  — I).W. 

73.5 
00.0 
50.7 
73,5 
91.4 
73.5 

.   52.42 

35.69 
51.91 
64.91 
51.78 

9,610 

6,543 
9.516 
11,899 
9,496 

49.37 

33.68 
48.92 
61.16 

48.78 

9,577 

6,533 
9.490 
11,864 
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The  values  of  the  indices  of  air  at  liquid  £ur  temperature  are  also  in 
good  agreement  with  those  obtained  by  Scheel,  the  only  values  available 
for  comparison. 

Preparation  of  the  Gases  and  Observations. 

Hydrogen. 

Aside  from  the  numerous  preliminary  observations  on  air,  the  first 

gas  studied  was  hydrogen.     It  was  obtained  from  a  cylinder  of  electro- 

lytically  prepared  gas,  and  an  attempt  was  made  to  remove  the  traces  of 


Fig.  4. 

oxygen,  carbon  dioxide,  and  water  vapor.  A  series  of  observations  wa8 
made  at  liquid  air  temperature,  the  pressure  being  carried  only  to  192  cm. 
of  mercury.  This  gas  was  then  replaced  by  another  quantity,  which 
was  more  carefully  prepared.  After  making  a  lai^e  number  of  obser- 
vations on  it,  in  order  to  know  definitely  regarding  its  purity,  analyses 
were  undertaken.  These  were  made  by  means  of  the  explosion  pipette. 
The  hydrogen  proved  to  be  very  impure.  Whether  the  contamination 
occurred  at  the  time  of  the  preparation  of  the  gas,  or  from  a  leak  in  the 
pump  during  several  days  elapsing  before  the  analyses  were  made,  could 
not  be  determined,  but  probably  resulted  lai^ely  from  the  latter  cause. 
Some  trouble  at  one  stopcock  in  the  pump  was  remedied  and  another 
quantity  of  gas  prepared,  greater  care  being  used  in  its  preparation. 
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With  this,  one  series  of  observations  was  made  at  —  191°.!  and  one  at  o". 
These  observations  are  given  in  the  table,  and  the  corresponding  curves 
shown  in  Fig.  4.  Analyses  again  made  at  the  end  of  the  work  on  one 
sample  of  gas  drawn  from  the  pump  at  the  time  of  preparing  the  gas  and 
on  samples  drawn  at  the  conclusion  of  the  observations  gave  the  same 
results,  and  showed  that  this  gas  was  also  impure.  The  results  were: 
hydrogen  88  per  cent.,  oxygen  2  per  cent.,  and  though  no  test  was  made 
for  it,  the  remainder  in  all  probability  was  nitrc^en.  While  it  is  granted 
that  the  observations  on  this  gas  are  of  no  great  value,  yet  since  the 
composition  of  the  gas  is  known,  they  may  be  of  some  interest. 

Oxygen. 

The  oxygen  also  was  obtained  from  a  cylinder  of  the  electrolytically 
prepared  gas.  Analyses  of  the  gas  drawn  directly  from  the  cylinder 
showed  about  two  per  cent,  impurity.  A  test  for  hydrogen  showed  about 
one  per  cent,  present.  The  remaining  impurity  was  probably  largely 
nitrogen,  due  to  the  absorbed  air  in  the  water  from  which  the  gas  was  made. 

Because  of  the  difBcuIUes  involved,  no  attempt  was  made  to  remove  the 
trace  of  nitrc^n,  but  the  gas  was  passed  over  red-hot  copper  to  remove 
the  hydrogen,  over  solid  caustic  potash  and  through  drying  tubes  in- 
cluding a  tube  immersed  in  liquid  air.  A  pump  was  attached  and  the 
whole  system  of  tubes  containing  reagents  exhausted  several  times 
after  allowing  oxygen  to  enter,  in  an  attempt  to  remove  all  traces  of 
gases  formerly  contained  in  the  tubes.  The  pump  and  gas  system  was 
also  washed  out  with  the  gas  previous  to  filling.  Before  the  observations 
were  begun,  samples  of  the  gas  were  drawn  from  the  pump  and  an 
analysis  made.  Analyses  were  ^ain  made  at  the  completion  of  the 
work.  These  were  in  good  agreement  and  showed  between  one  and 
two  per  cent,  of  impurity. 

Two  series  of  observations  were  made,  one  at  o°  and  one  at  —  i89''.3. 
The  observations  are  given  in  the  table  and  the  corresponding  curves 
shown  in  Fig.  4.  The  readings  at  the  latter  temperature  were  continued 
until  liquefaction  began. 

Nitrogen. 

The  nitrogen  was  prepared  from  atmospheric  air  by  the  removal  of 
the  oxygen  and  the  carbon  dioxide.  Air  was  passed  through  a  series  of 
tubes  containing  pyrogallol,  calcium  chloride,  lumps  of  phosphorus,  and 
through  phosphorus  pentoxide  and  through  a  tube  immersed  in  liquid  air. 
Tests  were  made  for  oxygen,  and  it  was  found  that  a  relatively  large  per 
cent,  of  oxygen  still  remained  in  the  gas  after  it  had  passed  slowly  through 
this  system.     Another  reservoir  was  then  arranged  so  that  the  gas  could 
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be  passed  back  and  forth  over  the  phosphorus  and  the  two  drying  tubes. 
This  was  continued  until  analysis  showed  only  a  small  fraction  of  one  per 
cent,  of  oxygen.  At  the  completion  of  the  observations  on  the  nitrogen, 
further  analyses  showed  about  the  same  percentage. 

Three  series  of  observations  were  made  on  nitrogen ;  one  at  o",  and  two 
at  liquid  air  temperatures.     At  0°  the  gas  is  well  above  its  critical  temper- 


Fig.  5. 

ature,  Boyle's  Law  is  applicable,  and  the  relation  between  n  —  i  and 
the  pressure  is  a  linear  one,  or  what  amounts  to  the  same  thing,  the 
relation  between  «  —  i  and  the  density  times  a  constant.  In  the  case 
of  the  observations  at  liquid  air  temperatures,  considerable  deviation 
from  linearity  is  found  commencing  at  about  one  atmosphere.  (See 
Fig.  5.)  Curve  (i)  shows  a  little  irregularity  in  the  observations.  The 
series  was  repeated  with  liquid  air  which  had  been  allowed  to  stand  for 
twenty-four  hours,  thus  enabling  one  to  work  at  a  slightly  higher  tempera- 
ture. These  readings  are  shown  in  curve  N  (2).  It  may  be  noted  that 
the  observations  were  extended  to  a  higher  pressure  before  liquefaction 
occurred.    The  general  form  of  curve  is  the  same. 
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Carbon  Dioxide. 

Travers'  would  lead  one  to  think  that  very  pure  gas  can  be  obtained 
from  the  commerda]  product  sold  in  steel  cylinders.  Acting  upon  this 
assumption,  gas  from  a  cylinder  was  passed  through  drying  tubes  and 
frozen  in  a  tube  with  closed  end  immersed  in  liquid  air.  This  tube  was 
also  connected  with  the  pump  and  gas  circuit,  and  upon  closing  the 
connection  to  the  tube  and  opening  that  from  the  tube  to  the  pump  it 
could  be  exhausted  to  the  vapor  pressure  of  the  carbon  dioxide  at  liquid 
air  temperature,  thus  removing  air,  etc.,  contained  in  the  gas.  Upon 
removing  the  tube  from  the  liquid  air  and  allowing  its  temperature  to 
rise,  the  carbon  dioxide  would  pass  over  into  the  pump  and  gas  circuit. 
Analysis  of  the  gas  prepared  in  this  manner  showed  about  75  per  cent, 
carbon  dioxide.  An  analysis  of  the  gas  direct  from  the  cylinder  showed 
about  95  per  cent,  carbon  dioxide.  The  only  explanation  of  this  appears 
to  be  that  the  gas  probably  came  from  Saratc«a  Springs  and  contained 
one  or  more  of  the  marsh  gas  series  having  a  higher  vapor  pressure  than 
the  carbon  dioxide.  Consequently  when  the  frozen  mixture  was  removed 
from  the  liquid  air,  a  mixture  was  obtained  containing  less  carbon  dioxide 
than  the  gas  from  the  cylinder. 

A  Kipp  generator  was  next  set  up  and  carbon  dioxide  was  generated 
from  acid  on  marble  and  purified  in  the  same  manner  as  that  just  de- 
scribed, except  that  there  was  added  to  the  system  of  drying  tubes  a 
tube  immersed  in  carbon  dioxide  snow  and  alcohol  to  remove  further 
traces  of  moisture.  The  pump  and  gas  system  was  washed  with  the 
gas  as  in  the  preceding  cases.  Analyses  of  samples  of  the  gas  thus  pre- 
pared taken  from  the  pump  before  the  observations  were  begun,  all 
showed  about  one  half  of  one  per  cent,  of  impurity.  In  this  respect 
the  results  were  more  satisfactory  than  in  the  case  of  any  of  the  other 
gases. 

Two  series  were  made  at  0°  and  one  at  —  78''.2.  In  the  case  of  the 
former  temperature,  the  circles  on  the  curve  represent  the  readings  for 
one  series  and  the  crosses  those  for  the  other.  It  may  thus  be  seen  how 
closely  the  observations  agree.  Furthermore  the  second  series  was 
made  on  a  different  mass  of  gas. 

For  the  higher  pressures  at  0°  there  is  a  very  appreciable  deviation 
from  linearity. 

In  the  case  of  the  curve  at  —  7&°.a  the  readings  were  continued  until 
condensation  occurred,  then  the  pressure  was  decreased  somewhat  and 
new  readings  taken,  then  the  pressure  again  increased  and  so  on.    In  this 
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way  a  number  of  observations  in  that  region  was  obtained.  These  are 
indicated  in  various  ways  in  the  diagram.  The  variation  of  the  values  is 
rather  lai^e,  due  in  part  to  the  error  of  observation,  as  some  of  the 
readings  were  obtained  with  difficulty,  two  thirds  or  more  of  the  field 
being  obscured  by  the  carbon  dioxide  snow  upon  the  surfaces  of  the 
glass  plates.  Also  the  pressures  could  not  be  read  with  great  exactness 
under  such  conditions  because  of  the  changes  in  volume  taking  place. 

Hydrogen  (1).     -ISTJ  C. 


P^,«. 

Qtmb. 

Butda. 

(■-t).toi. 

5.6 

1.91 

350 

12.0 

4.09 

750 

17.4 

5.99 

1,098 

45.8 

15.37 

2,818 

106.7 

35.69 

6,543 

141.1 

47.59 

8.724 

191.8 

6438 

11,802 

149.4 

49.89 

9,146 

76.1 

25.19 

4,618 

Hydrogen  («).      -IBl'.l  C. 


Bud!. 

(— l)..Ol. 

Buda. 

{—'.).  int. 

11.3 

4.30 

788 

4.02 

779 

22.7 

8.49 

1,556 

8.00 

1,552 

46.7 

17.56 

3,219 

16.40 

3,181 

76.0 

28.37 

5,201 

26.59 

5.158 

110.7 

41.38 

7,585 

38.88 

7.542 

162.3 

60.86 

11,157 

57.01 

11.059 

171.9 

64.37 

11,807 

60.38 

11.713 

222.0 

83.38 

15,292 

78.53 

.  15,182 

275.5 

103.48 

18,986 

97.47 

18,908 

221.9 

83.14 

15,248 

78.30 

15,189 

171.5 

64.14 

11,765 

60.43 

11,723 

122.3 

45,64 

8,365 

42.95 

8,331 

75.5 

28.08 

5,155 

26.47 

5,135 

36.2 

13.51 

2,484 

12.68 

2,460 

5.5 

2.14 

392 

2.02 

391 

11.8 

4.49 

823 

4.19 

813 

23.2 

8.72 

1.599 

8.18 

1,587 

31.7 

11.85 

2,172 

11.10 

2.153 

76.1 

28.32 

5,195 

26.51 

5,143 
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Byirogtn  («).    0*  C. 


OrHO. 

Y»Ilow. 

Budli. 

(— .)-M». 

>m4s. 

(--1)  ..d. 

12.8 

1,45 

266 

1.29 

250 

24.4 

2.81 

515 

2.62 

508 

35.6 

4.04 

741 

3.76 

729 

76.15 

8.62 

1,580 

8.10 

1,571 

116.0 

13.08 

2,398 

12.30 

2.386 

162.6 

18.29 

3,353 

17.26 

3,348 

226.5 

25.52 

4,678 

24.06 

4.666 

277.7 

31.25 

5,729 

29.41 

5,705 

226.2 

25.47 

4,66Q 

24.02 

4,660 

174.3 

19.66 

3,604 

18.51 

3,591 

127.3 

14.28 

2.618 

13.48 

2,615 

76.0 

8  57 

1,571 

8.06 

1,563 

46.6 

5.22 

957 

4.96 

962 

25.5 
0.0 
28.4 

2.90 

532 

2.76 

535 

3.23 

592 

2.99 

580 

76.1 

S.6Q 

1.576 

8.11 

1,573 

Praniira. 

B>BiU  (Or.). 

<—"■"'■ 

Bud>  (Yl.). 

(--.)..«-. 

11.6 

2.32 

426 

2.19 

427 

22.2 

4.31 

790 

4.09 

793 

44.9 

8.72 

1,599 

8.17 

1,585 

76.2 

14.83 

2,718 

13.98 

2,712 

117.3 

22.84 

4,187 

21.42 

4,155 

165.9 

32.29 

5,919 

30.38 

5,893 

227.6 

44.29 

8,U9 

41.68 

8,085 

288.7 

56.35 

10,329 

52.00 

10,289 

229.1 

44.76 

8,205 

42.16 

8.178 

178.7 

34.67 

6,356 

32.71 

6,345 

128.9 

25.14 

4,609 

23.69 

4,595 

76.3 

14.92 

2,735 

14.05 

2,725 

44.8 

8.79 

1,611 

8.29 

1,608 

13.9 

4.76 

873 

4.45 

863 

0.0 

76.7 

14.98 

2,746 

14.15 

2,745 

Ttrnptrahve.   ~  18^.9  C. 


5.4 

3.62 

664 

11.0 

7.24 

1,327 

21.2 

13.69 

2,510 

30.2 

19.45 

3.565 

37.2 

23.89 

4.380 
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Nitrogm.    0*  C. 


KS 


Bu.d.. 

(.-».i.'. 

Baadi. 

(•-0  .  lO, 

lU 

2.55 

468 

3.36 

458 

22.6 

4.87 

893 

4.58 

888 

44.8 

9.58 

1.756 

9.00 

1,746 

75.7 

16.20 

2.970 

15.27 

2.962 

117.5 

25.13 

4.607 

23.63 

4.584 

175.4 

37.49 

6.873 

35.32 

6.851 

224.0 

47.95 

8,790 

45.16 

8.760 

282.8 

60.46 

11,083 

56.95 

11,047 

223.9 

47.90 

8,781 

45.14 

8,754 

174.8 

37.40 

6,858 

35.24 

6.836 

118.4 

25.34 

4.645 

23.82 

4.621 

75.« 

16.21 

2,970 

15.23 

2.954 

36.0 
0.0 
10.4 

7.74 

1.419 

7.29 

1.414 

2.29 

420 

2.15 

417 

21.4 

4.64 

851 

3.98 

838 

4a7 

8.75 

1,604 

7.88 

1.694 

7S.6 

16.17 

2.964 

14.89 

.2.954 

NUroitn.     -  IBf.e  C. 


.«™. 

OneD. 

Vitlow. 

Bud*. 

(--ij-irf. 

Budi. 

<— I).10l. 

11.0 
20.2 
33.9 
75.8 
119.6 

8.17 
15.19 
24.91 
56.42 
91.07 

1,498 
2.785 
4,566 
10.343 
16,695 

7.59 
14.22 
23.36 
52.09 
84.70 

1,472 
2,758 
4.532 
10,105 
16,430 

72.6 

53.21 

9,754 

50.20 

9,738 

35.6 

25.67 

4,706 

24.18 

4,691 

0.0 

10.8 

7.86 

1,441 

7.37 

1.430 

22.2 

16.06 

2.944 

15.16 

2.941 

39.0 

28.11 

5.153 

26.44 

5,129 

76.3 

55.82 

10.233 

52.61 

10,205 

110.4 

82.28 

15,083 

77.59 

15,052 

123.0 

92.28 

16,924 

87.03 

16,883 

132.3 

99.77 

18,299 

Two  boura  dapBCd  between  the  fint  and  second  seta  o(  the  above  readlnc*. 

In  the  curve,  mi).  Fig.  6.  the  point  for  the  preeture  of  76.8  cm.  preMure  in  the  Srat 
should  be  four  tenth*  of  a  diviiioD  higher,  and  the  p^nt  for  the  pre«Mire  of  72.S  a 
In  the  fecond  set  should  be  between  three  tenths  and  four  tenths  higher. 
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_.  -    - 

On«B. 

Vdlow. 

BBBda. 

(--.).»>. 

IBuid.. 

(»-.).<0.< 

10.1 

7.27 

1,333 

6.81 

1.321 

21.9 

15.72 

2,882 

14.82 

2.875 

42.8 

30.49 

5,589 

28.71 

5,569 

76.4 

55.09 

10.099 

51.87 

10,062 

101.0 

73.60 

13.493 

69.3S 

13.453 

122.8 

90.69 

16,625 

85.45 

16,576 

143.5 

107.08 

19,629 

100.87 

19,567 

149.5 

111.81 

20,497 

105.45 

20,458 

143.4 

106.98 

19,611 

100.83 

19,560 

122.8 

90.50 

16,590 

85,32 

16,551 

100.9 

73.48 

13.470 

69.29 

13,441 

76.2 

54.77 

10,040 

51.64 

10,018 

35.5 

25.19 

4.618 

23.74 

4.605 

0.0 

76.7 

55.02 

10.086 

51.86 

10,060 

CttrboH  DioxUi.    (f  C, 


OTMn. 

Y««ow. 

B.Bd.. 

(1^1).  I.*. 

B.>d.. 

(•-D-  itf. 

10.4 

3.44 

631 

3.26 

632 

21.7 

7.04 

1,291 

6.66 

1,262 

46.3 

14,91 

2,733 

14.02 

2.720 

76.3 

24.54 

4,498 

23.12 

4,485 

119.5 

38.59 

7,074 

36.39 

7.061 

171.9 

55.90 

10.248 

52.67 

10.217 

230.3 

75.28 

13,800 

70.89 

13,752 

10.9 

3.50 

642 

3.33 

646 

21.6 

6.97 

1,278 

6.54 

1.269 

34.9 

11.19 

2,084 

10.46 

2,029 

76.3 

24.45 

4,482 

23.00 

4,462 

119.1 

38.39 

7.038 

36.15 

7,013 

173.1 

56.23 

10,308 

52.91 

10  264 

229.6 

74.91 

13,732 

70.48 

13,672 

274.9 

90.05 

16,508 

84.81 

16,452 

228.8 

74.64 

13,683 

70.32 

13,641 

173.1 

56.20 

10J02 

52.91 

10,261 

118.6 

38,31 

7.023 

36.03 

6,989 

75.8 

24.34 

4,462 

22.86 

4,435 
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Carbon  Dioxidt. 


B>Ddl. 

{n-x).ia. 

Buds. 

(--1).I0'. 

16.6 

7.53 

1,380 

7.10 

1.377 

53.0 

24.10 

4.418 

22.74 

4.411 

76.6 

35.10 

6,434 

33.06 

6.413 

0.0 

9.3 

4.23 

775 

3.98 

772 

20.6 

9.33 

1.710 

8.78 

1,703 

51.0 

23.04 

4,224 

21.72 

4,213 

76.1 

34.53 

6,330 

32.49 

6,303 

85.4 

38.13 

6.990 

35.97 

6,978 

73.4 

33.33 

6.110 

31.40 

6.091 

81.1 

37.25 

6.829 

35.07 

6.S03 

73,0 

33.27 

6.099 

31.39 

6.089 

62.4 

28.48 

5.221 

26.80 

5,199 

50.7 
0.0 
76.1 

23.09 

4,233 

21.75 

4.219 

34.01 

6.235 

32.02 

6,211 

From  the  various  curves  we  have  seen  that  within  the  limits  of  accuracy 
of  observations  of  the  experiments,  the  relation  between  the  indices  of 
refractioa  and  the  pressure  is  a  linear  one,  except  for  the  case  of  carbon 
dioxide  at  0°  and  for  nitrogen  at  liquid  air  temperature.  In  other  words, 
the  relation  between  the  refractive  indices  and  the  density  as  computed 
by  Boyle's  law  is  a  linear  one. 

For  the  carbon  dioxide  at  o°  and  the  nitrogen  at  liquid  air  temperature 
the  densities  have  been  computed  by  means  of  van  der  Waal's  equation. 
The  values  of  the  constants  a  and  b  of  the  equation  were  obtained  from 
the  critical  pressure  and  temperature  of  the  respective  gases.  For 
carbon  dioxide  the  values  of  the  critical  pressure  given  in  the  tables  vary 
rather  widely.  A  value  of  5,700  cm,  of  mercury  was  chosen,  and  304° 
abs.  as  the  temperature.  By  the  use  of  these  values  were  obtained, 
o  ^  137,000  and  b  =  0.942.  The  curve  showing  the  relation  between 
the  resulting  densities  and  refractive  indices  is  given  in  Fig.  6.  The 
[>oints  fall  very  accurately  on  a  straight  line. 

The  critical  values  of  nitrogen  as  used  were,  2,660  cm.  and  146°  abs. 
The  resulting  values  of  the  constants  are  a  =  126,070  and  b  =  1.325, 
The  densities  were  computed  for  the  pressures  in  the  series  N{2) ,  In  this 
series  the  values  of  the  pressures  for  increasing  values  and  those  for 
decreasing  values  are  very  near  each  other,  in  some  cases  identical. 
Where  they  are  not  identical  the  mean  of  the  two  was  taken,  also  the 
corresponding  mean  of  the  indices  of  refraction  in  plotting  the  curve. 
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The  curve  is  shown  in  Fig.  6.     The  points  lie  on  a  straight  line  except  the 
last  two. 

In  order  to  compare  further  the  variation  of  the  refractive  indices  with 
the  densities  as  obtained  by  the  two  methods,  and  also  to  compare  the 
formula  of  Gladstone  and  Dale  with  the  Lorentz-Lorenz  formula,  the 
table  on  page  183  is  given.     The  first  column  contains  the  pressure  and 


Fig.  6. 

the  fourth  the  corresponding  refractive  indices;  the  second  column  con- 
tains the  densities  as  obtained  by  Boyle's  law,  the  third  the  densities  as 
obtained  by  using  van  der  Waal's  equation,  the  fifth  the  values  of  the 
constant  as  given  by  Gladstone  and  Dale's  expression,  using  the  values  of 
the  densities  in  the  second  column,  the  sixth  the  values  of  the  constant  as 
given  in  the  third  column,  and  the  seventh  and  eighth  columns  the  corre- 
sponding values  of  the  constant  of  the  Lorentz-Lorenz  formula. 

It  may  be  noted  that  the  variation  of  the  values  in  the  last  column  is 
two  per  cent,  and  the  variation  of  those  in  the  sbcth  column  also  two 
per  cent. 

It  may  be  of  interest  to  state  that  for  nitrogen  at  0°  C.  (excluding  the 
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two  lowest  pressures),  computing  the  densities  by  Boyle's  law  and  maag 
the  Gladstone  and  Dale  expression,  the  values  of  the  constant  vary  only 
about  two  tenths  of  one  per  cent. 


Nitrogen. 
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0.000543 

1.0001333 

0.2455 

0.2450 

0.1637 

0.1633 

21.9 

.001177 

.001187 

.0002882 

.2448 

.2434 

.1632 

.1623 

42.8 

.002301 

.002328 

.0005589 

.2429 

.2401 

.1619 

.1600 

76.4 

.004101 

.004194 

.0010099 

.2462 

.2408 

.1641 

.1605 

101.0 

.005424 

.005589 

.0013493 

.2481 

.2414 

.1658 

.1609 

122.8 

.006601 

.006874 

.0016625 

.2518 

.2419 

.1678 

.1612 

143.S 

.007709 

.008054 

.0019629 

.2546 

.2438 

.1697 

.1624 

149.5 

.008036 

.008411 

.0020497 

.2551 

.2437 

.1699 

.1623 

In  conclusion  the  writer  wishes  to  express  his  thanks  to  Professor  E.  L. 
Nichols  for  many  kindnesses  and  to  Professor  J.  S.  Shearer,  under  whose 
direction  the  work  was  undertaken,  for  many  helpful  suggestions. 
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THE  THERMAL  COEFFICIENT  OF  CONTACT 
ELECTROMOTIVE  FORCE. 

Bv  Habkv  C.  Bukbridgi. 

IN  looking  back  over  the  development  of  electrical  knowledge  we  find 
many  experimenters  who  have  made  a  study  of  contact  electro- 
motive force.  Their  work  has  been  extensive  in  its  range  and  carefully 
done  and  the  discusuon  of  it  has  contained  the  defense  of  many  widely 
differing  theories.  Yet,  with  all  the  investigation  that  has  been  given 
to  this  subject,  the  effect  of  temperature  upon  the  potential  diff'erence  of 
contact  has  received  but  scant  attention.  A  few  investigators  have 
attempted  to  determine  it  but  their  efforts,  with  one  exception,  have 
proven  almost  fruitless.  It  would  seem  unquestionable  that  this  tem- 
perature effect  would  have  an  important  bearing  upon  the  explanation  of 
the  original  phenomenon  and  that  its  determination  is  worthy  of  extended 
effort. 

Peculiarly  enough,  from  the  first  attempt  ever  made  to  measure  thia 
temperature  effect  came  some  of  the  most  satisfactory  results.  This 
attempt  was  made  by  Cavallo,'  an  experimenter  in  England,  at  some 
time  previous  to  the  year  1795.  He  used  the  very  simple  means  of 
dropping  a  piece  of  metal  from  his  faftnd  upon  an  insulated  tin  plate, 
shaking  it  off,  and  then  by  applying  the  plate  to  a  multiplier,  increased 
the  charge  sufficiently  to  be  tested  with  an  electroscope.  This  process 
would,  of  couise,  give  the  contact  potential  difference  between  tin  and 
the  metal  used.  He  found  io  this  way,  zinc  positive  to  tin  and  silver; 
bismuth  negative  to  tin,  but  lead  and  platinum  positive  to  it.  On 
heating  the  different  metals,  he  found  zinc,  tin,  silver  and  bismuth  to 
become  more  positive,  while  lead  and  platinum  became  more  negative. 
It  appears  then  that  he  placed  most  of  the  metals  in  their  proper  order 
both  as  to  their  potential  and  the  change  of  it  by  increased  temperature, 
thou^  the  nu^^itude  of  this  change  could  not  be  measured  with  bis 
apparatus.  This,  of  necessity,  terminated  bis  work  and  it  was  not  until 
1879  that  further  attempts  were  made  to  perform  this  experiment.  At 
that  time  Knott*  made  measurements  on  the  potential  difference  between 
two  plates  of  the  same  metal,  one  being  heated.     He  found  iron,  copper, 

1  Nkhobon's  Journal.  Vol.  I.,  page  184,  iSoa. 

■  Knott.  Proc  Royal  Soc.  of  Ediit.,  No.  105.  p.  3^'-  1B79. 
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zinc,  and  tin  to  become  negative  when  heated,  and  the  effect  to  increase 
with  the  temperature.  This  change,  however,  was  permanent,  as  it 
persisted  after  the  metals  were  cooled,  hence  what  he  determined  was 
the  relation  of  a  hot  and  oxidized  surface  to  a  normal  one  of  the  same 
metal.  This  then  was  not  a  true  temperature  effect  and  as  his  work 
ceased  here  it  is  of  no  practical  value.  Again  in  1882,  Von  Zahn  tried 
the  same  experiment,  hoping  to  find  it  related  to  the  Seebeck  effect. 
His  conclusions  are  not  available. 

It  is  evident  therefore  that  the  data  given  by  Cavallo  nearly  a  century 
before  are  as  valuable  as  these  later  data  so  that  it  is  in  the  results  of 
Erskine-Murray's'  work  alone  that  anything  dependable  is  to  be  had 
regarding  the  temperature  effect.  The  range  of  his  experiments  was  not 
large  either  in  the  number  of  metals  used  or  in  the  temperature  differences. 
No  temperatures  were  carried  beyond  70*  and  some  to  only  30°.  Also 
the  determination  of  the  temperature  was  very  rough,  being  estimated 
by  touching  with  the  fingers  in  all  plates  except  one. 

When  these  conditions  are  considered  in  regard  to  the  data  given  by 
Erskine- Murray,  and  it  is  remembered  that  these  are  the  only  data  of  any 
consequence  that  have  been  published,  it  would  seem  that  the  present 
endeavor  to  measure  the  temperature  effect  would  be  far  from  mere 
repetition.  It  was  undertaken  with  the  purpose  of  adding  to  the  other 
data  upon  contact  electrification,  some  reliable  values  of  its  temperature 
coefficient. 

The  method  of  the  following  experiments  was  essentially  the  same  as 
that  used  by  Erskine-Murray,  namely,  a  null  method.  It  differs  from  it, 
however,  in  one  respect  and  in  that  same  respect  from  all  other  experi- 
ments on  the  potential  difference  of  contact.  Instead  of  using  parallel 
plates  two  telescoping  cylinders  were  used,  the  inner  being  much  shorter 
than  the  outer  so  that  it  could  be  put  well  inside  it.  No  matter  what 
theory  of  contact  potential  difference  one  holds  to,  it  is  ^reed  that 
between  the  two  surfaces  there  is  an  electrical  field.  This  form  for  the 
two  metals  was  chosen  therefore  that  the  metal  composing  the  inner 
cylinder  might  be  wholly  in  the  field  of  the  other,  and  not  partially  so 
as  in  the  case  of  plates. 

A  sensitive  electroscope  was  tried  at  first  but  discarded  in  favor  of  a 
Dolazalek  electrometer.  The  sensitiveness  of  this  instrument  more  than 
compensated  for  Its  larger  capacity,  and  its  reliability  left  no  question  as 
to  the  advantage  of  its  use.  The  heating  of  the  inner  cylinder  was  first 
done  by  raising  it  into  a  steam  jacket  but  it  proved  more  satisfactory 
to  fill  the  cylinder  with  water  and  use  an  electric  heater,  and  this  method 
was  followed  throughout. 

1  Eitkine-Murray,  Phil.  Mag.,  Vol.  45,  p.  39S,  i8g8.  "On  The  Volu  Electricity  of  Metals." 
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The  apparatus  was  arranged  as  shown  in  Fig.  i.  The  outer  cylinder 
{A)  was  made  of  commercial  sheet  copper  about  1.2  millimeters  thick 
and  formed  into  two  half  cylinders  94  mm.  in  diameter  and  340  mm.  in 
lei^th.  The  halves  were  held  together  by  two  adjustable  copper  bands. 
The  base  (B)  was  turned  from  plate  copper  8  millimeters  thick  and  the 


Fig.  1. 


outer  part  thinned  to  5  mm.,  leaving  a  circular  table  3  mm.  high  in  the 
center,  over  which  the  cylinder  (A)  fitted.  This  base  (B)  rested  on  a 
triangular  wooden  table  with  three  screw-feet  for  leveling.  In  the  center 
of  the  base  was  a  three-millimeter  hole  fitted  with  a  hard-rubber  insulator. 
Through  this  passed  a  No.  22  brass  wire,  the  portion  below  the  base 
being  coiled  into  a  spring  to  make  the  contact  adaptable. 

This  construction  of  cylinder  and  base  allowed  for  easy  cleaning.  On 
removing  the  cylinder  (A),  the  base  was  unobstructed  and  the  cylinder 
itself  being  in  two  parts,  both  inside  and  outside  surfaces  were  readily 
accessible. 

The  different  metals  investigated  were  made  into  the  form  of  hollow 
cylinders  as  (/),  closed  at  both  ends.  They  were  each  86  mm.  in  length 
and  diameter,  thus  leaving  about  8  mm.  between  the  walls  of  (^4)  and  (/). 
These  inner  cylinders  were  cast  from  the  metals  used,  with  one  end  left 
open  and  a  ptate  cast  for  this.  Both  parts  were  turned  down  to  about 
5  mm.  thickness,  the  top  plate  carefully  fitted  in  and  then  spun  firmly  in 
place.  When  necessary  the  inside  edge  of  the  top  plate  was  coated 
with  solder  to  insure  a  strong  joint,  but  in  such  cases  care  was  taken  that 
no  solder  was  exposed  on  the  outer  surface  of  the  finished  cylinder.  In 
some  cases  where  casting  was  not  convenient  or  where  a  very  pure, 
metallic  surface  was  desired,  cast  cylinders  were  electroplated  with  the 
metal  to  be  tested. 

When  in  use,  the  cylinder  {/)  was  carried  on  the  vertical  rod  (R)  which 
slid  in  guides.    A  cord  fastened  to  the  side  of  (J?)  raised  and  lowered  this 
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cylinder  by  passing  over  a  pulley  above  the  top  guide  and  thence  to  a 
counter-weight  hung  over  a  second  pulley  at  the  edge  of  a  table.  On  this 
table  were  placed  the  telescope  and  scale  for  use  with  the  electrometer 
and  also  the  voltmeter  and  potential  divider.  With  this  arrangement 
the  cylinder  (/)  could  be  raised  and  lowered  and  the  movement  of  the 
electrometer  needle  observed  at  the  same  time.  Adjustable  stop-blocks 
with  rubber  pads  were  placed  on  the  rod  (R)  and  were  set  to  allow  the 
cylinder  (/)  to  be  lowered  as  close  to  the  base  {B)  as  desired  and  raised 
to  just  touch  the  flexible  wire  contact  (C)  leading  to  the  electrometer. 

Each  inner  cylinder  (/)  had  a  rod  of  the  same  metal  13  mm.  long 
screwed  into  the  center  of  the  top.  Into  this  was  screwed  a  wooden  piece 
of  about  the  same  length  and  the  wood  in  turn  joined  to  the  rod  (J?)  by 
a  connection  of  hard  rubber.  The  rubber  served  to  insulate  the  cylinder 
electrically,  while  the  wood  was  found  necessary  to  keep  the  rubber  from 
being  softened  too  much  by  the  heat  from  the  cylinder. 

In  the  top  of  the  inner  cylinder  (/)  and  near  the  center  a  hole  (H) 
was  bored  large  enough  to  admit  a  heater  made  from  a  quarter-inch 
fiber  rod  wrapped  with  No.  22  resistance  wire.  On  the  opposite  side 
of  the  center  and  flush  with  the  inner  surface  a  smaller  hole  (T)  was 
bored  through  which  a  stirrer  or  thermometer  could  be  inserted.  The 
stirrer  was  made  of  stiff  wire  with  a  strip  of  sheet  metal  soldered  on  one 
end  at  right  angles  and  short  enough  not  to  strike  the  heater.  By  rolling 
the  handle  of  the  stirrer  between  the  thumb  and  finger,  the  blade  could 
be  moved  rapidly  through  the  water  in  the  cylinder  at  any  depth.  This 
rapid  stirring  allowed  the  cylinder  to  be  heated  very  uniformly.  When 
the  desired  temperature  was  reached  the  stirrer  was  replaced  by  a 
thermometer.  The  opening  (7^  was  located  with  the  purpose  of  bringing 
the  thermometer  as  close  to  the  outside  surface  as  [>o&sibIe  so  that  the 
temperature  it  registered  would  be  closely  that  of  the  surface. 

The  potential  divider  was  of  90  ohms  resistance  with  a  ten-ohm 
auxiliary  of  coarser  wire  to  allow  more  delicate  adjustment.  One  storage 
cell  and  these  rheostats  were  connected  in  series  and  the  potential 
diflference  between  the  sliding  contacts  on  the  rheostats  was  indicated  by 
a  voltmeter  reading  direct  to  .02  volt.  Thus  by  estimating  the  tenths  of 
a  division  the  potential  difference  could  be  determined  to  .002  of  a  volt. 

The  needle  of  the  electrometer  was  charged  to  250  volts  and  with  the 
scale  distance  used  gave  a  deflection  of  50  cm.  to  the  volt.  The  ratio  of 
its  capacity  to  the  capacity  change  on  separating  the  cylinders  {A)  and 
(/)  was  such  that  the  throw  equalled  what  the  permanent  deflection 
would  have  been  for  the  same  difference  of  potential.  Thus  .01  of  a 
volt  between  the  quadrants  gave  a  deflection  of  5  mm.  and  this  same 
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difference  between  the  inner  and  outer  cylinders  (A)  and  (/)  gave  a 
throw  of  5  mm.  From  this  it  is  evident  that  a  throw  of  i  mm.  corre- 
sponds to  .002  of  a  volt  between  the  cylinders,  which  was  the  smallest 
quantity  that  could  be  read  on  the  voltmeter.  Though  (xmtact  difference 
of  potential  is  usually  given  to  .001  of  a  volt  there  was  nothir^  found 
to  justify  this.  When  it  is  considered  that  a  clean  surface  at  room  tem- 
perature will  often  vary  .003  or  .004  of  a  volt  in  a  few  minutes,  and  when 
heated,  as  much  as  .006  or  .008  inside  of  a  minute,  it  will  be  seen  how 
useless  any  effort  toward  accuracy  to  thousandths  would  have  been. 

The  outer  cylinder  was  carefully  prepared  by  thoroughly  cleaning  wirh 
emery  cloth,  both  the  inner  and  outer  surface  of  the  walls  and  base, 
until  every  portion  w^s  bright.  The  surfaces  were  finished  with  the 
finest  emery  cloth  and  kept  clean  by  handling  only  with  soft,  dry  cloths. 
This  left  a  surface  almost  polished  in  appearance,  but  covered  with  light 
scratches  from  the  very  fine  particles  of  emery.  It  was  expected  that 
these  surfaces  would  have  to  be  repolished  frequently,  but  this  was  not 
found  necessary.  By  allowing  nothing  moist  to  come  in  contact  with 
them  no  change  could  be  noticed  after  the  elapse  of  two  or  three  months. 
The  close  agreement  of  the  readings  taken  on  the  potential  difference 
between  the  cylinder  and  a  given  metal,  even  when  these  readings  were 
some  weeks  apart,  indicated  also  that  there  was  no  change  electrically. 
For  surfacing  the  inner  cylinders  the  finest  emery  cloth  was  likewise 
used.  Their  appearance  was  as  described  above  for  the  outer  cylinder. 
This  surface  was  taken  as  standard,  and  all  measurements  were  upon 
metal  surfaces  so  prepared. 

With  this  outer  cylinder  as  the  metal  of  reference,  the  procedure  for 
taking  a  set  of  readings  was  as  follows:  a  cylinder  of  the  metal  to  be 
tested  was  put  in  a  lathe  and  turned  with  the  emery  cloth  held  against  it. 
The  doth  was  moved  very  little  lengthwise  so  that  the  scratches  were  all 
nearly  parallel  to  the  base.  On  the  ends  the  cloth  was  kept  stationary 
so  that  all  the  scratches  were  concentric  circles.  The  particles  of  metal 
clinging  to  the  cloth  were  removed  every  few  seconds  by  snapping  with 
the  finger  and  a  fresh  piece  taken  frequently  to  insure  as  clean  a  surface 
as  possible.  This  [irocess  was  continued  until  every  part  was  bright, 
then  a  soft  cloth  was  rubbed  over  the  cylinder  to  remove  all  metallic 
dust  and  parrides  of  emery.  The  cylinder  was  then  reversed  to  complete 
the  polishing,  the  finished  end  being  wrapped  in  cloth  to  protect  it  from 
the  jaws  of  the  lathe. 

The  cylinder  was  then  screwed  firmly  onto  the  sliding  rod  {R)  and 
usually  its  potential  with  reference  to  the  outer  cylinder  was  determined 
at  that  time.     It  was  then  lowered  into  the  outer  cylinder  and  allowed 
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to  Stand  over  night.  As  has  been  frequently  noted  befpre,  the  value 
immediately  after  polishing  was  not  permanent,  consequently  sufhcient 
time  was  allowed  before  taking  a  set  of  measurements  to  permit  the 
potential  difTerence  to  become  more  nearly  fixed.  On  beginning  a  set 
of  measurements  the  following  day,  readings  were  taken  ten  or  fifteen 
minutes  apart  for  a  half  hour  or  longer  until  the  potential  difference 
seemed  quite  constant.  This  was  done  betause  it  was  found  that  the 
first  reading  always  indicated  the  inner  cylinder  more  poative  to  the 
outer  than  was  permanent.  The  potential  difference  would  usually  fall 
very  rapidly  at  first,  then  more  slowly  to  a  quite  permanent  value  in 
about  twenty  minutes.     The  reason  for  this  is  not  apparent. 

When  this  value  was  reached  the  temperature  of  the  inner  cylinder 
was  taken  by  inserting  a  thermometer.  The  temperature  of  the 
outer  cylinder  was  obtained  by  using  a  thermometer  with  its  bulb  rest- 
ing against  the  base  (£).  Most  of  the  bulb  was  exposed  to  the  air 
but  the  cylinder  was  also,  so  that  this  seemed  as  good  a  means  as  was 
necessary  to  determine  the  average  temperature  throughout  the  cylinder. 
It  proved  sufficiently  accurate  to  show  that  the  radiation  from  the  hot 
cylinder,  though  it  was  inside  the  outer  one  only  long  enough  to  make 
contact  and  be  lifted  out,  continually  warmed  it.  This  increase  in 
temperature  amounted  to  as  much  as  five  or  six  degrees  when  the  readings 
on  the  inner  cylinder  were  taken  as  high  as  90°. 

With  these  records  made,  the  heater  was  placed  in  the  inner  cylinder 
and  the  thermometer  replaced  by  the  stirrer.  The  current  was  allowed 
to  flow  through  the  heater  for  the  time  found  necessary  by  trial  to  raise 
the  temperature  of  the  cylinder  and  its  contained  water  about  ten  degrees. 
The  stirrer  was  used  continually  that  the  whole  surface  of  the  cylinder 
might  be  heated  uniformly.  The  heater  was  then  removed,  and  the  water 
well  stirred  and  the  stirrer  removed.  The  potential  divider  was  at 
once  adjusted  until  on  lifting  out  the  inner  cylinder  and  touching  it  to 
the  contact  point  (C),  the  electrometer  was  unaffected.  The  [totential 
difference  was  read  from  the  voltmeter  and  a  thermometer  placed  in  the 
cylinder.  The  voltmeter  reading  and  that  of  the  thermometer  against 
the  outside  cylinder  were  recorded,  and  that  of  the  inner  cylinder  as 
soon  as  it  reached  its  highest  point.  This  gave  the  temperature  of  the 
inner  cylinder  immediately  after  the  potential  difference  was  measured 
so  that  the  cooling  during  the  time  required  to  adjust  the  potential 
divider  did  not  necessitate  a  correction.  The  cooling  itself  was  never 
rapid  enough  to  prevent  the  easy  adjustment  of  the  potential  divi<jer  as, 
at  the  highest  temperature,  the  rate  was  only  one  degree  in  four  minutes 
which  was  usually  longer  than  necessary  to  set  the  divider.    This  (wocess 
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was  repeated  until  the  maximum  temperature  was  reached.  The  cylinder 
was  then  brought  back  to  room  temperature  in  intervals  of  approximately 
10°  by  taking  out  some  of  the  hot  water  and  replacing  it  with  cold. 
All  readings  were  taken  after  each  interval  in  the  same  manner  as  during 
the  heating. 

All  the  original  data  were  corrected  as  found  necessary  when  the  instru- 
ments used  were  tested.  The  fixed  points  of  both  thermometers  were 
determined  and  corrections  made  accordingly.  In  addition  the  readings 
of  the  one  used  in  the  inner  cylinder  were  corrected  for  the  length  of  the 
mercury  thread  exposed.  This  was  done  by  putting  the  same  length  of 
the  stem  as  went  into  the  cylinder,  into  a  steam  bath  and  noting  the 
difference  between  the  reading  then,  and  that  when  the 
whole  length  was  immersed.  The  readings  of  the  cylin- 
der temperatures  were  then  corrected  by  the  fractions 
of  this  difference  corresponding  to  the  length  of  the  ex- 
posed mercury  thread.  With  these  corrections  probably 
no  temperatures  are  in  error  by  more  than  one  or  two 
tenths  of  a  degree.     Because  of  the  corrections  to  the  p^  2 

voltmeter  readings  they  neither  end  in  all  odd  nor  alt 
even  numbers,  but  as  stated  before  they  are  accurate  to  only  2  units  in 
the  last  place. 

As  would  be  expected,  the  temperature  of  the  outer  cylinder  did  not 
remain  constant  while  a  set  of  readings  were  being  taken.  This  meant 
that  the  cylinder's  potential  changed  somewhat  from  one  measurement  to 
the  next  and  consequently,  the  potential  difference  observed  was  in  error 
by  the  amount  of  this  change.  The  correction  to  be  applied  would  have 
been  easily  found  had  the  coefficient  of  copper  been  known,  but  not 
being  so,  a  proper  method  of  determining  it  seemed  difficult  to  hnd.  It 
is  not  to  be  overlooked  that  placing  the  inner  cylinder,  at  perhaps  80  or 
90  degrees  temperature,  within  a  few  millimeters  of  the  outer  copper 
base  even  for  only  a  second  or  two  necessary  for  each  contact  might 
easily  heat  the  very  surface  of  this  base  far  above  the  temperature  of 
the  remainder.  If  then  it  is  the  surface  that  determines  the  potential 
difference,  this  effect  might  cause  the  readings  to  be  considerably  below 
the  true  value  because  the  real  temperature  difference  would  be  far  less 
than  the  one  measured.  However,  as  there  seemed  no  way  to  prevent 
this  if  it  should  exist  and  no  way  to  measure  it  so  that  a  correction  could 
be  applied,  it  is  disregarded  in  the  following. 

After  some  consideration  the  following  method  of  correcting  for  the 
temperature  change  of  the  outer  cylinder  appeared  the  most  reasonable 
one  to  be  applied.     It  was  assumed  that  its  temperature  coefficient  was 
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the  same  as  that  of  the  inner  cylinder  made  of  copper.  Then  the  four 
most  consistent  sets  of  data  on  the  temperatures  and  the  potential 
differences  of  the  two  copper  cylinders  were  tabulated  for  increasing 
temperature  only.  Each  number  was  subtracted  from  the  one  below  it  in 
its  own  column,  thus  giving  a  table  of  the  change  in  voltage  from  each 
temperature  reading  on  the  inner  cylinder  to  the  following  one,  and  also 
whatever  increase  in  temperature  the  outer  cylinder  had  taken  on.  Each 
of  these  potential  changes  were  then  corrected  by  proportion.  Thus, 
if  from  the  previous  reading  the  potential  had  risen  .008  volt,  the  tem- 
perature had  increased  10.8°,  and  the  outer  cylinder  at  the  same  time 
had  become  0.6°  warmer,  then  the  increase  in  voltage  was  not  due  to 
10.8°  because  the  voltage  is  measured  from  a  base  that  has  risen  0.6°, 
The  measured  rise  in  potential  was  then  due  to  10.8  less  0.6  degree,  or 
10.2°.  Hence,  if  the  base  had  not  risen  in  temperature  the  voltage 
change  would  have  been  (.008  X  io°.8)/io°.2  volts.  This  method  of  cor- 
rection was  applied  to  each  change  of  potential  and  then  by  adding  these 
differences  the  readii^  were  obtained  that  would  have  resulted,  had  the 
outer  cylinder  remained  constant  in  temperature.  These  values  were 
plotted  and  the  straight  line  drawn  that  best  fitted  each  set  of  readings 
up  to  about  50°  temperature.  The  slope  of  the  line  for  each  set  was 
determined  and  the  average  of  these  slopes  taken.  This  average  value 
was  then  considered  the  temperature  coefficient  of  the  outer  copper 
cylinder.  All  the  readings  of  the  potential  difference  were  corrected  by 
the  use  of  this  coefficient  for  the  number  of  degrees  which  the  outer 
cylinder  differed  from  20°.  Thus  all  potentials  given  are  with  reference 
to  this  copper  cylinder  at  20°  temperature. 

In  getting  at  the  correction  for  the  change  in  temperature  of  the  outer 
cylinder  it  was  assumed  that  the  relation  between  the  voltage  and  tem- 
perature was  a  straight  line  for  the  range  used,  of  about  30°,  and  the  data 
justified  this  assumption.  However  it  would  not  seem  allowable  to 
assume  a  straight  line  relation  for  the  whole  range.  When  it  is  considered 
that  a  satisfactory  explanation  of  the  Volta  effect  has  not  yet  been  set 
forth,  it  would  not  seem  worth  while  to  hazard  a  guess  as  to  the  action 
that  underlies  the  effect  of  temperature.  Hence  no  form  of  curve  can  be 
assumed,  and  the  variations  from  it  considered  merely  errors  of  measure- 
ment. 

Besides  this,  another  difficulty  arises  in  the  interpretation  of  the  results 
obtained,  because  the  values  are  not  uniform  and  consistent  but  widely 
varying.  Despite  the  utmost  care  in  preparation  to  have  the  surface 
always  the  same  yet  the  potential  difference  at  room  temperature  for  the 
same  metal  against  the  copper  outer  cylinder  would  be  quite  different 
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from  one  day's  surfacing  to  another.  This  was  not  so  serious  a  difficulty, 
as  it  was  the  change  and  not  the  absolute  potential  difference  which  was 
sought.  The  serious  thing  was  the  widely  differing  values  of  the  tem- 
perature coefficient  obtained  which  made  a  reliable  determination  of  it 
most  difficult.  The  temperature-voltage  curve  for  a  given  metal,  with 
falling  temperature,  neither  came  back  accurately  on  the  rising  tempera- 
ture curve,  nor  differed  from  it  in  any  consistent  way.  Taken  altogether, 
therefore,  the  data  indicate  that  there  is  another  agent  or  agents  con- 
stantly in  operation  whose  effects  are  a  large  fraction  of  those  obtained 
from  temperature.  These  effects  are  overlaid  upon  that  due  to  tempera- 
ture and  the  sum  of  these  is  all  that  the  measurements  can  show.  The 
continual  action  of  these  agents  is  illustrated  by  the  following  data: 

Tim*.  Pataatlal  dSanaea. 


10:53 

11:38 

The  first  rapid  lowering  is  the  effect  previously  mentioned,  that  obtained 
when  the  inner  cylinder  is  first  brought  out  after  standing  in  the  outer 
for  some  time.  This  effect  was  found  in  all  metals  used  and  was  some- 
times as  large  as  .065  volt  in  magnitude.  That  it  was  the  result  of 
standing  inside  the  outer  cylinder  is  evident  because  at  any  time  while 
the  potential  was  diminishing,  the  decrease  could  be  checked  or  even 
reversed  by  letting  the  inner  cylinder  remain  in  the  outer  one  for  ten  or 
fifteen  minutes.  After  standing  outside  for  some  time  the  potential 
would  reach  a  minimum  and  then  go  through  some  such  variations  as 
are  given  above,  without  any  apparent  regularity  and  from  no  evident 
cause.  The  cylinder  merely  stood  in  the  air  of  a  closed  room  illuminated 
by  daylight  and  was  not  even  approached. 

It  would  seem  then  that  the  only  way  to  get  at  the  effect  due  to  tem- 
perature alone  would  be  to  consider  these  extraneous  effects  as  following 
the  law  of  probability.  The  most  nearly  true  value  of  the  temperature 
effect  would  accordingly  be  reached  by  averaging.  All  observations  on 
the  variation  of  potential  difference  at  constant  temperature  would  tend 
to  justify  this  method  of  interpretation,  and  it  will  accordingly  be  used. 
The  curves  appended  give  the  results  from  most  of  the  data  obtained 
but  certain  effects  peculiar  to  each  metal  will  be  mentioned  here. 

Copper. — Erskine-Murray  found  that  copper  if  heated  above  80°  seemed 
to  begin  oxidizing  or  at  least  this  was  the  action  supposed  to  take  place. 
It  must  be  understood  that  it  does  not  alter  the  appearance  of  the  surface 
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in  any  noticeable  way  but  the  change  is  evidenced  only  by  the  fact  that 
on  cooling  to  room  temperature  the  potential  fjills  far  below  it*  value  at 
the  beginning.  To  assume  that  a  slight  oxidation  has  taken  place  seems 
the  mo3t  reasonable  explanation  as  oxidation  of  the  surface  will  produce, 
a  similar  but  larger  effect.  To  locate  the  temperature  at  which  this 
takes  place  in  copper  is  somewhat  diflicult  as  in  passing  that  point  either 
when  heating  or  cooling  no  marked  change  is  to  be  noticed.  It  is  deter- 
mined only  by  the  fact  that  if  copper  is  heated  above  80°  its  potential 
when  cooled  to  room  temperature  again  will  be  far  below  the  value  at  the 
beginning,  while  if  not  heated  to  quite  that  temperature  it  will  return 
practically  to  the  original  condition.  The  following  data  illustrate  this 
action. 
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Numerous  trisils  located  this  oxidation  point  at  closely  80°,  the  same  as 
found  by  Erskine-Murray.  The  maximum  temperature  used  in  detei: 
mining  the  true  temperature  effect  is  then  always  below  80°. 

Zinc. — Zinc  shows  the  same  oxidation  effect  at  65°  as  copper  does  at 
80°  but  it  is  much  easier  to  locate  the  temperature  at  which  the  action 
begins.  This  is  because  at  that  point  the  potential  begins  to  fall  and 
increased  tem[>erature  only  increases  the  rate  of  fall.  That  this  is  not 
a  change  in  the  sign  of  the  temperature  coefficient  is  shown  by  the  fact 
that  in  cooling  the  potential  decreases  continually  and  does  not  return 
through  the  values  obtained  in  heating.  In  copper,  it  is  evident  that  the 
temperature  coefficient  is  greater  than  the  effect  of  the  oxidation  and 
masks  it  so  that  the  oxidation  point  can  only  be  determined  as  described 
above.  This  point  for  zinc  can  be  found  from  one  measurement  because 
of  the  sharp  fall  of  potential  when  this  temperature  is  exceedeed.  The 
following  data  will  illustrate  this  action  and  also  how  the  change  is  a 
permanent  one. 

The  rapid  decrease  shown  in  Part  I.  of  these  data  is  due  to  the  oxidation 
effect  minus  the  temperature  effect  and  not  to  the  sum  of  the  two  because 
Part  II.  shows  that  after  the  potential  has  been  greatly  decreased  by 
overheating,  the  coefficient  is  still  positive  as  for  a  normal  zinc  surface. 


Digitized  by  Google 


JJg*^]  COSTACT  BLBCTBOUOTIVE  FORCE.  I93 

Ereldne-Murray  did  not  find  this  oxidation  point  because  the  maximum 
temperature  he  used  with  zinc  was  only  60°. 
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For  nickel,  aluminum,  and  tin  no  temperature  of  oxidation  was  found 
up  to  the  maximum  used,  100°.  Some  of  the  observations  on  aluminum 
and  tin  might  indicate  otherwise  but  the  lower  potentials  reached  in 
these  cases  by  cooling  were  only  temporary  effects.    After  standing  for 
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an  hour  or  so  the  potential  in  each  of  these  cases  rose  to,  or  nearly  to, 
the  value  before  heating.  This  rise  in  potential  was  not  a  change  due  to 
temperature  because  the  final  temperature  of  an  experiment  was  usually 
80  nearly  that  of  the  room  that  the  hour  or  more  standing  did  not  change 
it  by  more  than  one  or  two  tenths  of  a  degree. 

It  is  to  be  noted  here  that  Erskine-Murray  is  undoubtedly  mistaken 
in  the  value  he  gives  for  the  coefficient  of  tin  as  he  found  it  to  be  negative 
while  the  data  here  given  show  tin  to  have  one  of  the  largest  positive 
values. 

Curves. — Fig.  3  contains  the  curves  showing  three  sets  of  observations 
on  nickel.  These  are  given  as  being  typical  in  every  way  of  the  observa- 
tion curves  for  all  the  metals  investigated.  It  was  curves  umilar  to 
these  that  were  used  in  obtaining  the  average  curves  of  Figs.  4  and  5 
These  figures  show  the  average  change  in  potential  with  temperature 
without  any  reference  to  the  absolute  value  of  the  potential.  The 
average  curve  for  nickel  (Fig.  4)  was  obtained  by  taking  from  curve  3, 
Fig.  3,  the  potential  for  every  5°  from  20°  up  to  the  multiple  of  5° 
nearest  to  the  maximum  temperature  used  for  nickel.  All  these  values 
of  the  potential  were  subtracted  from  the  value  at  the  highest  temperature 
and  the  differences  tabulated.  Tabulations  were  made  in  the  same  way 
from  curves  i  and  2  (Fig.  3).  The  three  differences  of  potential  for 
each  temperature  when  heating  were  averaged  and  the  three  when  cooling 
separately.  The  value  of  the  potential  on  any  curve  that  stopped  short 
of  this  highest  temperature  used  with  nickel  was  obtained  by  extrapola- 
tion except  where  this  would  exceed  5°.  Finally  the  zero  of  the  plot  wae 
shifted  to  coincide  with  the  potential  on  the  average  hea6ng  curve  at  20° 
temperature.  This  procedure  amounted  to  shifting  vertically  all  the 
observation  curves  for  nickel  until  the  upper  extremities  coincided  and 
then  getting  the  average  of  the  curves  so  placed,  with  attention  given 
only  to  the  change  in  potential.  A  similar  process  was  carried  out  for 
each  metal  ^vJng  the  curves  of  Figs.  4  and  5.  No  curve  of  these  plates 
is  the  average  of  less  than  three  observation  curves. 

This  shifting  to  have  the  maximum  points  coincide  instead  of  the  initial 
points,  or  some  others,  was  done  because  the  heating  and  cooling  curves, 
of  necessity,  coincide  at  this  point  but  do  not  at  any  other.  With  this 
choice  both  the  average  heating  and  the  average  cooling  curves  for  a 
metal  could  be  referred  to  the  one  reference  point  and  they  would  coincide 
at  that  point  and  would  appear  as  the  curves  from  a  single  set  of  observa- 
tions. In  a  case  such  as  shown  for  nickel  where  curve  i,  Fig.  3,  has  a 
much  shorter  range  than  curves  3  and  3,  the  mean  of  these  two  was 
taken  down  to  the  highest   temperature  on  curve  i.     This  curve  was 
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then  shifted  until  its  extremity  coincided  with  the  mean  of  2  and  3  at 
the  same  temperature.  The  avera^  of  the  three  curves  was  then  used 
for  the  remainii^  lower  temperatures. 

Each  curve  of  Fig.  6  is  the  averse  of  the  heatii^  and  cooling  curves 
for  each  metal  from  Figs.  4  and  5.  Then  they  are  so  shifted  that  the 
initial  points  of  each  resulting  curve  coincide  with  the  potential  which  is 
the  average  of  all  the  observed  values  of  the  difference  in  potential 
between  each  metal  and  the  copper  base. 
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It  appears  that  the  curves  for  zinc,  nickel,  and  ,copper  are  closely 
straight  lines  but  those  for  tin  and  aluminum  appear  nearer  an  exponential 
form.  The  temperature  coefficient  for  zinc,  nickel,  and  copper  is  then 
constant  over  the  whole  range  of  temperature  used,  but  (or  tin  and 
aluminum  it  can  be  con^dered  constant  only  for  a  limited  range,  as  the 
numerical  values  below  indicate. 

Of  course,  only  where  the  coefficient  is  constant  would  extrapolation 
be  reasonable.  Applying  it  to  nickel,  copper,  and  zinc,  it  was  found 
that  nickel  and  zinc  would  come  to  the  same  poteadal  at  —  242°  (C), 
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copper  and  zinc  at  —  371°  (C),  and  copper  and  nickel  at  —  1200°  (C.)- 
Ersldne-Murray  states  that  the  curves  he  has  given  would  intersect  at 
about  the  absolute  zero  if  extended,  though  how  rough  an  approximation 
this  is  he  does  not  mention.  The  above  results  do  not  agree  with  his 
statements,  that  is,  they  do  not  in  the  least  indicate  that  all  metals 
would  come  to  the  same  potential  at  the  absolute  zero. 
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It  might  be  presumed  that  all  the  above  procedure  of  averaging  was 
hardly  permisuble  considering  the  wide  divergence  of  the  original  data, 
but  it  was  done  on  the  assumption  of  one  or  more  uncertain,  extraneous 
effects  being  present.  If,  then,  these  follow  the  law  of  probability,  that 
is,  that  the  errors  they  introduce  are  as  great  and  as  often  positive  as 
negative,  then  the  method  of  obtaining  the  results  given  is  justified. 
It  is  recognized  that  the  amount  of  data  on  some  of  the  metals  was 
rather  meager  to  be  handled  In  this  way,  but  if  the  assumption  of  ex- 
traneous effects  is  correct,  this  method  would  give  the  most  probable 
values  of  the  measured  quantities,  no  matter  how  few  the  observations. 
It  is  believed  that  the  most  reasonable  method  of  consideration  was  used 
and  that  the  data  here  presented  offer  some  dependable  values  of  the 
change  of  contact  potential  difference  with  temperature. 

It  is  hoped  later  to  give  further  data  on  other  metals  and  perhaps  with 
a  wider  range  of  temperature  and  also  some  other  aspects  of  the  subject 
may  be  considered  at  that  time.  In  conclusion  I  wish  to  thank  Professor 
Sanford  and  Professor  Rogers  for  their  interest  in  the  problem  and  their 
timely  advice  throughout  the  experimental  work. 
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NOTE   ON    POTENTIAL   ATTAINED    BY    PHOTO-ELECTRIC 
CELLS  IN  DARKNESS. 

By  J.  W.  WOODBOW. 

A  FEW  months  ago,  the  present  writer  published  in  the  Physical 
Review'  an  account  of  experiments  which  seemed  to  show  that 
strongiy  photo-electric  metals  liberated  positive  particles  when  kept 
in  total  darkness.  These  experiments  were  continued  with  the  object 
of  determining  more  definitely  the  exact  nature  of  the  charge  obt£uned 
from  the  photo-electric  metal  in  the  preceding  investigations.  It  was 
shown  conclusively  by  the  following  methods  that  this  charge  was  due 
to  a  "leak"  across  the  surface  of  the  glass  insulation,  from  the  potassium 
which  will  be  at  a  positive  f>otential  with  respect  to  the  platinum  elec- 
trode. First,  a  magnetic  field,  sufficiently  strong  to  deflect  positive  ions 
away  from  the  platinum  electrode,  had  no  effect  whatsoever  on  the 
observed  current.  Then  it  was  found  that  the  current  could  be  stopped 
by  using  an  amber  insulation  in  which  was  inserted  a  platinum  guard-ring 
which  protruded  both  inside  and  outside  the  walls  of  the  photo-electric 
cell.  In  the  previous  experiments  the  guard-ring  employed  consisted 
merely  of  strips  of  earthed  tinfoil  wrapped  about  the  glass  walls,  which 
was  thus  shown  to  be  insufficient. 

The  increased  current  at  the  higher  temperatures  Is  probably  due  to 
two  causes,  the  increased  conductivity  of  the  glass  and  the  condensation 
of  the  vapor  of  the  metal  on  the  walls  of  the  cell.  S.  H.  Anderson*  has 
also  shown  that  with  alternating  fields  applied  to  a  photo-electric  cell  in 
deu'kness,  there  is  no  indication  of  the  current  one  would  expect>if  the 
metal  liberated  any  kind  of  positive  particles. 
June,  1913. 

1  Vol.  XXXV..  p.  303,  September.  191a. 

■  Pnvs.  Rbv..  S.  3.  Vol.  1.,  p.  331,  March.  1913. 
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THE   PHOTOELECTRIC   PROPERTIES  AND   CONTACT 
RESISTANCES  OF  THIN  CATHODE  FILMS. 

Bt  Otto  Stuhlmann,  Jr..  and  ICau.  T.  Compton. 

Introduction. 
'HE  relation  between  the  velocity  of  the  electrons  emitted  by  the 


action  of  light  on  metals  and  the  frequency  of  the  light  was 
deduced  by  Einstein*  on  the  unitary  theory  of  light  and  was  expressed 
by  the  equation 

i^fm^  »  « V  =>  Af  —  Wo. 

Here  m  is  the  mass,  v  the  maximum  velocity  and  e  the  charge  of  the 
electrons  liberated  by  light  of  frequency  v.  V  is  the  difference  of  potential 
in  electrostatic  units,  which  ia  just  sufficient  to  prevent  these  electrons 
from  reaching  the  receiving  electrode,  h  is  Planck's  constant  and  v>o  is 
the  work  done  in  the  escape  of  an  electron  from  the  metal.  Recently 
this  same  equation  has  been  derived  by  Richardson*  by  thermodynamic 
and  statistical  methods  which  do  not  necessarily  involve  the  unitary 
light  hypothesis.  Richardson's  theory  further  enables  the  constant  wt 
to  be  interpreted  and  calculated  by  the  relation' 

w.  -  TO,  =  —  I  Kp  -  r,  -  fl  ^  C  V_  -  K,)  1 . 
'      300 1     '  $0^  "  )  ' 

where  w«  —  w,  is  the  difference  between  the  amounts  of  work  required 
to  liberate  an  electron  from  each  of  two  metals  m  and  p,  and  Vp  —  Vm  is 
the  contact  difference  of  potential,  between  the  metals,  expressed  in  volts. 
The  last  term,  which  expresses  the  Peltier  effect,  is  so  small  in  comparison 
with  the  contact  difference  of  potential  that  it  may  be  neglected  in  this 
work.  Tfg  has  been  measured  directly  for  platinum*  and  for  osmium' 
and  is  not  far  from  e/yxt'S  volts  for  platinum.  From  this  value,  w«  for 
any  other  metal  may  be  calculated  from  a  knowledge  of  their  contact 
differences  of  potential. 

1  Ami.  der  Pbyaik.  Vol.  17.  p.  146  (1905). 

'  Phvs.  Rbv.,  Vol.  34,  p.  146  (ijira);  Phil.  Mag..  Vol.  33,  p.  6(5  (ipii);  Sdence.  VoL  36. 
p.  57  dfl"). 

■  Phil.  Mag.,  Vol.  33.  p-  630  (1913). 

•O.  W.  RichvdMn.  Phil.  Tnuu.,  A,  Vol.  101,  p.  497  (1903);  VoL  307,  p.  33  (1906).  H.  A. 
^niMHi,  PhU.  Tram.,  A,  Vol.  303,  p.  343  (i9<>3}.  F.  Dciningcr,  Ann.  der  Physlk,  Vol.  35,  p. 
396  (1908).    O.  W.  RicbardaoD  and  H.  L.  Cooke.  Phil.  Mag..  Vol.  so.  p.  173  (1910). 

>  H.  L.  Cooke  and  O.  W.  Richardton.  Pavs.  Rxv.,  Series  3,  Vol.  i,  p.  jt  (1913). 
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These  relations  have  been  tested*  for  a  large  number  of  different  metals 
and  frequencies,  and  have  been  found  to  be  consistent  with  the  experi- 
mental  results,  within  the  probable  limits  of  accuracy  of  the  experimental 
methods  employed. 

Several  investigators  have  succeeded  in  obtaining  electron  velocities 
considerably  higher  than  those  ordinarily  obtained  in  photoelectric 
measurements.  Most  of  these  high  velocities  have  been  obtained  when 
sparks  were  used  as  the  source  of  light.  These  have  been  shown  to  be 
due  to  secondary  action  from  electro-magnetic  radiation  accompanyii^c 
the  spark  discharge.  However  high  velocities  have  also  been  obtained 
in  other  ways.  Von  Baeyer  and  Gehrts*  obtained  velocities  equivalent 
to  6.3  volts  for  .electrons  from  copper,  gold  and  aluminium  after  passii^ 
an  induction  coil  dischai^e  between  the  emitting  and  receiving  electrodes. 
Recently  Dike*  has  published  results  of  experiments  in  which  he  obtained 
values  of  the  maximum  initial  kinetic  energy  equivalent  to  as  much  as 
44  volts  for  electrons  liberated  from  thin  platinum  cathode  films  when 
illuminated  by  light  from  a  quartz  mercury  arc.  These  results  were 
repeated  by  Dike  and  Brown/  who  obtained  values  as  large  as  52  volts 
under  conditions  umilar  to  those  in  Dike's  first  experiment. 

It  is  evident  that  if  these  results  are  correct  they  render  Richardson's 
theory  untenable.  From  the  relation  K-  300/*  ■  (Av  — »«)  discussed  above, 
we  may  calculate  the  maximum  potential  possible  according  to  the  theory. 
180  Ml  is  the  shortest  wave-length  of  light  that  will  pass  through  the  air 
and  quartz  interposed  between  the  source  of  light  and  the  illuminated 
metal.  Take  uit  for  platinum  to  be  approximately  5  volts.  Substituting 
these  values  in  the  above  equation  we  find  V  "  1.95  volts.  Even  if  the 
work  done  on  an  electron  in  escaping  from  the  metal  were  zero  we  would 
still  have  V  equal  to  only  9.95  volts.  This  is  the  upper  limit  allowed  to 
any  substance  by  Richardson's  theory.  It  is  an  impossibly  favorable 
case  but  it  still  falls  far  short  of  explaining  the  high  velocities  found  by 
Dike. 

It  seems  necessary,  then,  either  to  reject  Richardson's  theoy  or  to 
discover  some  error  in  the  results  or  the  interpretation  of  the  results 
given  by  Dike.  It  was  with  the  purpose  of  discovering  whether  these 
high  velocities  are  real  or  only  apparent  photoelectric  velocities  that  we 
undertook  this  investigation. 

>  Rlcbardton and  Compton,  PbU.  Mag.,  Vol.  14- p.  ST5  C>9ia):  A.  L.  Hngbc*,  Phil.  TnuWi, 
A,  Vol.  ai9.  p.  105  (191a). 

■  Ber.  d.  D.  Pbri.  GeteU..  Vol.  ai,  p.  870  (1910). 

■  Pan.  Rsv.,  VoL  34.  P-  459  (ipia). 

'  Fbts.  Rbv..  Serie*  a.  Vol.  i,  p.  354  (1913). 
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One  of  the  writerB'  has  shown  that  the  velocity  actually  measured  in 
photoelectric  experiments  consists  of  two  parts,  (i)  the  true  initial 
velocity  with  which  the  electrons  are  liberated  and  (2)  a  velocity  acquired 
after  emts^on  due  to  the  force  exerted  on  the  electrons,  ariung  from  the 
contact  difference  of  potential  between  the  emitting  and  receiving 
electrodes.  Of  these  two  parts,  only  (i)  has  anything  to  do  with  the 
photoelectric  effect  and  it  is  only  this  part  of  the  measured  potential 
which  should  be  conndered  as  due  to  photoelectric  action.  It  seemed 
probable  that  the  great  increase  in  the  photoelectric  potentials  following 
an  induction  coil  diachai^  might  be  due  principally  or  entirely  to  a 
great  increase  in  the  contact  difference  of  potential.  Thus  the  initial 
kinetic  energy  with  which  the  electrons  leave  the  metal  film  may  have 
the  ordinary  value  predicted  by  Richardson's  theory.  But  after  emission 
this  vdodty  may  be  greatly  increased  by  the  repul^on  due  to  an  absorbed 
negative  charge  in  the  sputtered  plate  or  due  to  their  passage  through 
a  charged  insulating  layer,  deposited  on  the  surface  by  the  induction  coil 
discharge.  With  the  object  in  view  of  testing  these  explanations  of  the 
apparent  high  velocities,  these  experiments  were  undertaken. 

Afpakatvs. 

Our  apparatus,  shown  in  Fig.  i,  is  essentially  the  same  in  siie  and 

arrangement  as  that  used  by  Dike,*  with  the  addition  of  an  arrangement 

for  testing  the  contact  difference  of  potential  between  the  emitting 


electrode  and  the  surrounding  vessel.     SB  is  a  cylindrical  brass  vessel 
15  cm.  long  and  8  cm.  in  diameter.     It  is  closed  at  one  end  by  an  accu- 


1  K.  T.  Compton,  PhU.  Mag.,  Vol.  a3>  P-  579  (19" 
■  Phits.  Rkv.,  Vol.  34.  P-  4^5  {1913). 
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rately  turned  and  ground  lid,  and  wax  could  be  poured  into  the  grooves 
LL  to  render  tlie  vessel  airtight.  Through  this  lid  extends  an  insulated 
rod  I,  which  carries  on  its  end  a  stirrup  S,  supporting  the  plate  A  on  which 
the  film  under  investigation  is  to  be  deposited  and  tested.  This  plate 
is  about  2  cm.  square  and  is  connected  to  an  electrometer  E  giving  a 
deflection  of  i8o  divisions  per  volt  at  a  scale  distance  of  one  meter.  The 
films  were  sputtered  on  the  plate  A  from  a  platinum  cathode  C,  which, 
when  not  in  use,  could  be  turned  out  of  the  way  by  rotating  the  ground 
glass  joint  J  through  half  a  revolution. 

Light  from  a  quartz  mercury  arc  Q  entered  the  vessel  through  a  quartz 
window  P  and  a  side  tube  provided  with  diaphragms  D.  When  a  quartz 
plate  was  in  position  at  A  the  transmitted  light  passed  out  of  the  vessel 
through  a  window  W,  and  the  reflected  light  escaped  through  W.  In 
this  way  the  reverse  stream  of  electrons  due  to  light  incident  upon  the 
sides  of  the  vessel  was  practically  eliminated.  The  vessel  could  be 
charged  to  any  desired  potential  from  a  potentiometer  circuit  R.  The 
maximum  initial  kinetic  energies  of  the  electrons,  expressed  in  equivalent 
volts,  were  determined  by  charging  the  vessel  to  such  a  negative  potential 
that  the  electrometer  showed  no  deflection.  The  voltmeter  V  then  gave 
the  maximum  potential  directly.  By  this  null  method  we  avoided 
possible  errors  due  to  faulty  insulation.  When  saturation  currents  were 
to  be  measured,  the  vessel  was  charged  to  a  sufficiently  high  po»tive 
potential  and  the  rate  of  deflection  of  the  electrometer  noted. 

As  pointed  out  above,  it  is  necessary  to  apply  a  correction  for  contact 
difference  of  potential  to  the  measured  values  of  the  maximum  potential 
in  order  to  find  the  true  photoelecrtic  potentials.  This  contact  difference 
of  potential  between  the  metal  film  on  A  and  the  vessel  BB  was  deter- 
mined by  the  Kelvin  method.^  The  contact  difference  of  potential  tester 
T  consisted  of  a  brass  plate,  of  the  same  dimensions  as  the  plate  A, 
fixed  on  a  movable  arm  to  the  end  of  a  brass  rod  which  extended  to  the 
outside  of  the  vessel  through  the  ground  glass  joint  /'.  By  rotatii^ 
this  joint  the  test  plate  could  be  moved  close  to  A  or  back  against  the 
side  of  the  vessel.  The  tester  7"  was  raised  to  various  potentials  from  the 
divided  circuit  R,  and  the  potential  was  so  adjusted  that  no  kick  of 
the  electrometer  was  produced  by  moving  T  back  and  forth  in  front  of 
A.  The  voltmeter,  under  these  conditions,  gave  a  direct  measure  of  the 
contact  difference  of  potential  between  T  and  A.  An  objection  to  this 
arrangement  is  that  it  measures  the  contact  difference  of  potential 
between  the  emitting  electrode  and  only  a  particular  part  of  the  receiving 
electrode.     If  the  inside  of  the  vessel  always  remains  a  polished  brass 

■  KelvlD.  Phil.  Mag.,  Vol.  56.  p-  81  (1898). 
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surface  this  arrangement  would  introduce  no  error.  However,  if  the 
induction  coil  dischai^e,  during  the  process  of  sputtering,  changes  the 
condition  of  the  tn^de  surface  of  the  vessel  and  changes  it  more  in  some 
regions  than  in  others,  the  above  method  will  not  be  accurate,  because 
it  is  not  certain  that  the  contact  difference  of  potential  actually  measured 
is  the  true  difference  of  potential  between  the  emitting  electrode  and 
that  portion  of  the  vessel  to  which  most  of  the  electrons  are  escaping. 
Nevertheless,  if  any  considerable  changes  in  the  contact  difference  of 
potential  occur,  this  method  should  give  at  least  an  approximate  measure 
of  these  changes.  For  this  reason  the  contact  potential  measurements 
should  be  considered  as  indications  of  what  surface  changes  are  produced 
by  the  electrical  discharge  rather  than  as  accurate  quantitative  measures 
of  these  changes.  It  will  be  seen,  however,  that  these  indications  are 
fairly  accurate,  especially  in  the  case  of  the  larger  effects  measured. 

The  sputtering  was  all  done  at  a  pressure  of  (io)~*  cm.  of  mercury  by 
means  of  the  discharge  from  a  small  induction  coil  capable  of  giving  a 
spark  of  about  4  cm.  in  air.  The  thickness  of  the  deposited  film  may  be 
taken  to  be  proportional  to  the  time  of  sputtering.  The  photoelectric 
measurements  were  all  made  at  a  pressure  of  5(io)~*  cm.  or  less. 

Effect  of  Reflected  Electrons. 
A  number  of  investigators*  have  assumed  that  electronic  reflection 
at  the  receiving  electrode  causes  a  reverse  stream  of  electrons  which 
reduces  the  measured  value  of  the  maximum  acquired  photoelectric 
potential.  Dike  and  Brown'  offered  this  as  one  of  the  possible  reasons 
for  the  high  potentials  obtained  in  their  experiments.  They  further 
suggested  that  Robinson,'  who  also  worked  with  sputtered  films,  did  not 
obtain  high  velocities  like  they  did  because  the  construction  of  his  appa- 
ratus may  have  made  a  difference  in  the  amount  of  electronic  reflection. 
It  is  hard  to  see,  however,  how  electron  reflection  can  have  any  effect 
on  the  maximum  photoelectric  potential.  Suppose  that  fifty  per  cent, 
of  the  fastest  electrons  which  strike  the  receiving  electrode  are  reflected 
and  return  to  the  plate  from  which  they  started.  This  will  not  prevent 
the  electrode  from  charging  to  the  same  maximum  potential  which  it 
would  attain  were  there  no  reflection.  Under  these  conditions  the  final 
potential  will  be  attained  just  half  as  rapidly,  but  it  is  inconceivable  that 
the  final  potential  will  be  altered.  Especially  is  this  true  when  the 
maximum  potential  is  measured  by  a  nuW  method  which  eliminates  errors 

'  Ladeobjrg  and  Markau,  Verb.  d.  D.  Pbys.  G«a..  p.  562  (1908);  Von  Baej'er  and  GebrU. 
loc  dt.;  IClaEes.  Ann.  der  Pbys..  Vol.  3'.  P-  343  (1910). 
'  Phys.  Rbv..  Series  a.  Vol.  i,  p.  154  {■9i3). 
'Phil.  M««..  Vol.  13.  p.  543  (1912). 
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due  to  imperfect  insulation.  Electronic  reflection  certainly  must  be 
prevented  in  case  "distribution  of  velocity"  curves  are  to  be  obtained, 
but  its  influence  may  be  neglected  in  measurements  of  maximum  poten- 
tials or  of  saturation  currents.  The  apparent  increase  in  the  maximum 
potentials  when  electron  reflection  has  been  reduced  by  a  perforated 
gauze  and  an  auxiliary  field  has  been  shown  to  be  a  spurious  effect.* 
For  these  reasons  we  have,  in  these  measurements,  made  no  effort  to 
measure  or  prevent  electronic  reflection. 

Ordinary  Photoelectric  Potentials. 
(a)  No  Evidence  of  Absorbed  Charge, — In  our  first  trials  the  cathode 
Alms  were  deposited  on  quartz  in  a  separate  sputtering  vessel,  which 
consisted  of  a  large  glass  belUjar  waxed  on  a  brass  base  plate,  with  the 
electrodes  sealed  in.  The  contact  difference  of  potential  was  then 
tested  in  air  by  the  ionization  method,*  which  is  more  accurate  than  the 
Kelvin  method  but  which  may  only  be  used  while  the  Alms  are  in  contact 
with  the  ^r.  Then  the  sputtered  plate  was  placed  in  position  in  the 
apparatus,  the  vessel  exhausted  and  the  maximum  photoelectric  potential 
measured.  This  process  was  repeated  for  three  Alms  of  different  thick- 
nesses.   The  results  are  shown  in  Table  I. 


Table  1. 

Platlaam  PUm. 

V.tTThlB. 

ll.dlum. 

Thick. 

Maxim 

1.45  volte 
-0.15 
1.30 

1.65  volu 
-0.15 
1.50 

1.65  voltt. 

Corrected 

1.70 

Evidently  this  method  does  not  yield  the  high  potentials  found  by 
other  investigators.  On  the  other  hand  these  maximum  potentials  are 
of  the  order  of  magnitude  predicted  by  Richardson's  theory.  While  the 
potential  apparently  is  higher  for  the  thicker  Alms,  the  differences  are 
small  and  may  be  due  to  experimental  error,  since  the  apparatus  is  not 
well  designed  for  measuring  potentials  accurately  to  a  fraction  of  a  volt. 

The  results  are,  however,  of  some  interest.  The  contact  differences  of 
potential  are  practically  identical  with  that  between  brass  and  ordinary 
platinum.  The  photoelectric  potentials  are  also  what  one  might  expect 
from  platinum  foil.  It  is  quite  certain,  therefore,  that  these  films 
consist   of    true    platinum.      The  photoelectric    potentials    showed   a 


1  CoroptOD.  Phil.  Mag.,  Vol.  33,  p.  177  (191a). 

>  Kelvin.  Beattie  and  Smolan,  Phil.  Mag..  Vol.  4S>  P- 177  <iS9>)> 
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tendency  to  increase  slightly  with  time,  the  increase  amounting  to 
tme  or  two  tenths  of  a  volt  in  several  hours.  This  "  aging"  effect  has 
been  noticed  before  by  Dike  and  by  one  of  the  writers.'  The  saturation 
currents  were  lai^er  than  those  usually  obtained  from  platinum.  This 
was  true  for  all  the  sputtered  films  investigated.  An  important  result 
bearing  on  the  problem  under  investigation  is  that  the  induction  coil 
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dischai^  evidently  produces  no  "absorbed"  charge  in  the  quartz. 
Hence  the  high  potentials  obtained  by  Dike  cannot  be  ascribed  to  this 
cause.  An  absorbed  charge  in  the  quartz,  if  it  existed,  would  not  have 
vanished  immediately  00  contact  with  the  air  and  would  have  been  easily 
detected  by  the  contact  difference  of  potential  measurements. 

(J)  FUrns  Sputtered  and  Investigated  in  Vacuo. — Films  sputtered  on 
quartz  and  on  platinum  foil  in  the  apparatus  (Fig.  i)  were  tested  for 
contact  difference  of  potential  and  for  photoelectric  potentials  and  satura* 
tion  currents  without  allowing  the  films  to  come  in  contact  with  the  air. 


■  Stuhlnuum.  Pavs.  Rbv..  Serin  a,  Vol.  4.  P-  330  (>9i3)- 
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Results  as  shown  in  Fig.  2,  curves  i,  2  and  3,  were  obtained.  Curve  l 
represents  the  variation  of  maximum  potential  with  the  time  of  sputtering, 
for  films  sputtered  on  a  platinum  plate.  The  hig:hest  measured  potential 
is  3.9  volts.  Since  the  contact  difference  of  potential  remained  too  small 
to  be  detected  accurately  by  the  Kelvin  method  no  corrections  for  contact 
difference  of  potential  were  made.  Curve  2  represents  the  photoelectric 
potentials  for  various  thicknesses  of  films  deposited  on  quartz.  In  this 
case  the  contact  differences  of  jrotential  were  measurable  and  the  corrected 
potentials  are  shown  jn  curve  3. 

Several  facts  are  evident  from  these  results.  The  potentials  were 
rather  irregular,  most  of  the  irregularities  occurring  in  the  eariy  stages  of 
sputtering.  The  contact  differences  of  potential  also  varied,  and  further 
experiments  showed  that  they  varied  also  in  different  parts  of  the  vessel. 
These  photoelectric  potentials  are  distinctiy  higher  than  those  for 
ordinary  platinum,  although  they  still  fall  far  short  of  those  obtained  by 
Dike  and  Brown.'  Since  the  following  experiment  throws  light  on  these 
results  they  will  not  be  discussed  further  at  this  point. 

Spurious  High  Photoelectric  Potentials. 
Up  to  this  point  it  appeared  thac,  although  we  had  followed  closely  the 
method  used  by  Dike,  we  were  unable  to  duplicate  his  high  velocities. 
Following  a  suggestion  from  Professor  Richardson,  however,  we  made 
another  trial  and  succeeded  in  obtaining  the  high  potentials,  even  exceed- 
ing the  highest  values  obtained  by  either  Dike  or  Brown. 

Table  II. 


CoDUct  PptenUal. 

Oaec. 

-  0.1  volt 

1.8  volt 

10 

-16 

35 

10 

-22 

26 

10 

-28 

34.S 

15 

-28 

34 

15 

-37 

44 

15 

-40.5 

47 

30 

-40 

47 

60 

-57 

55 

120 

-57 

59 

180 

-57 

57 

A  tiny  bit  of  soft  wax  was  placed  on  the  sputtering  cathode  and  the 
above  experiments  were  repeated.  From  the  first  the  measured  poten- 
tials were  high,  and  are  here  shown  graphically  in  Fig.  2,  curve  4.    After 
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a  61m  due  to  five  minutes  of  sputtering  had  been  deposited  the  corre- 
sponding maximum  observed  potential  had  risen  to  59  volts.  Further 
sputtering  did  not  increase  this  value. 

That  these  high  potentials  do  not  indicate  high  photoelectric  velocities 
is  shown  by  the  fact  that  the  contact  difference  of  potential  between  the 
film  and  the  vessel  increased  parallel  with  the  photoelectric  potential, 
in  such  a  direction  as  to  make  the  emitting  film  electro-negative  and  repel 
the  electrons  after  they  were  emitted.  The  parallelism  between  these 
quantities  is  shown  in  Table  II. 

This  enormous  contact  difference  of  potential  is  not  the  true  contJict 
difference  of  potential  between  the  film  and  the  chamber  of  the  apparatus. 
If  these  high  values  represented  true  contact  differences  of  potential,  no 
lAotoelectric  effect  would  be  possible  with  light  of  the  frequency  used, 
since  under  these  conditions  hv  would  be  smaller  than  wi.  The  effect 
is  evidently  due  to  a  charged  layer  of  soft  wax  covering  the  platinum 
film,  within  which  layer  the  escaping  electrons  experience  an  enormous 
acceleration.  This  charged  layer  persisted  for  about  24  hours  after  air 
had  been  let  into  the  apparatus.  During  this  time  the  apparent  contact 
difference  of  potential  gradually  fell  to  its  normal  value  of  —  0.15  volt. 
The  saturation  currents  under  these  conditions  were  a  little  more  than 
half  as  lai^e  as  in  the  similar  tests  where  the  soft  wax  had  been  omitted. 
This  again  gives  evidence  of  some  sort  of  layer  through  which  the  electrons 
were  obliged  to  pass  while  escaping.  * 

It  is  evident  from  these  results  that  the  high  potentials  observed  by 
Dike  and  later  also  by  Dike  and  Brown  must  be  ascribed  to  the  presence 
of  oil  or  grease  introduced  while  making  the  metal  apparatus,  to  vacuum 
wax  in  the  ground  joints  or  to  some  other  material  which  could  produce 
such  layers  as  suggested.  Doubtless  the  small  increase  in  potential 
which  we  observed  before  we  intentionally  introduced  the  soft  wax  was 
due  to  wax  or  grease  unavoidably  present  in  any  form  of  metal  apparatus. 

There  is  therefore  no  evidence  in  these  experiments  to  show  that  the 
photoelectric  velocities  should  be  different  from  those  predicted  by 
Richardson's  theory.  There  are  certain  theoretical  reasons  for  believing 
in  the  [xissibility  of  small  variations  in  the  saturation  currents  and 
maximum  potentials  from  very  thin  films;  but  these  effects,  if  they  exist, 
will  probably  not  exceed  a  fraction  of  a  volt  and  will  be  taken  into 
account  by  a  variation  in  the  quantity  tfo  for  very  thin  films. 

Saturation  Cubrents  and  Contact  Resistances. 
Several  interesting  phenomena  are  exhibited  by  the  relations  between 
saturation  photoelectric  currents  and  thickness  of  films,  which  are  shown 
graphically  in  Fig.  3. 
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One  of  the  most  stritdag  things  about  these  curves  is  the  influence  of 
the  nature  of  the  contacts  on  the  shape  of  the  curves.  In  curve  5  the 
film  was  depouted  directly  on  a  platinum  plate.  The  saturation  curve 
under  these  conditions  is  a  smooth  curve  of  logarithmic  form.  Contact 
between  the  sputtered  film  and  the  platinum  plate  was  evidently  estab- 
lished from  the  very  beginnii^,  as  is  indicated  by  the  lack  of  certain 
characteristic  phenomena  which  appear  in  all  curves  for  saturation 
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currents  from  films  sputtered  on  glass  or  quartz.  In  curve  7  the  contact 
between  the  sputtered  film  and  the  supfKirting  stirrup  was  made  as 
follows.  A  thick  opaque  platinum  film  was  first  sputtered  on  the  quartz 
and  a  central  strip  waa  removed,  leaving  two  strips  of  film  about  3  mm. 
wide  on  the  two  opposite  edges.  The  clamps  of  the  stirrup  were  now 
fastened  txj  these  edgings  and  the  films  to  be  investigated  were  sputtered 
over  this  prepared  surface.  This  was  done  with  the  idea  in  view  that  the 
film  to  be  deposited  would  spread  in  a  uniform  layer  over  the  cleaned 
quartz  and  the  sputtered  contacts  alike,  and  in  this  way  the  preliminary 
film  would  serve  as  an  intermediate  contact  between  the  sputtered  film 
and  the  contact  clamp.  It  is  evident  in  this  case  that  contact  was  not 
perfect  from  the  beginning  as  in  the  case  of  curve  5,  and  that  no  contact 
with  the  film  was  established  until  the  sputtering  had  continued  about 
35  seconds. 

To  show  that  the  absence  of  photoelectric  currents  in  the  early  st^es 
of  sputtering  is  really  due  to  the  absence  of  electrical  a>ntact  rather  than 
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to  some  inherent  [^toelectric  property  of  very  tbia  films,  various  other 
methods  of  making  contact  were  employed.  These  methods,  with  their 
differences  greatly  exaggerated,  are  shown  in  Fig.  3.  For  curve  6  we 
used  gold  leaf  coatacts.  Stripe  of  gold  leaf  were  placed  firmly  adhering 
to  the  two  opposite  edges  of  the  quartz  plate  and  the  contacts  were 
damped  down  on  this  leaf.  In  this  case  the  discontinuity  of  stu^ace 
between  the  quartz  and  the  gold  leaf  would  be  more  pronounced  than 
between  the  quartz  and  the  sputtered  film  used  previously.  The  pre- 
liminary film  used  for  contact  in  the  case  of  curve  7  was  much  thinner 
than  the  gold  leaf  and  therefore  a  less  abrupt  discontinuity  was  found 
between  the  film  under  investigation  and  the  contacts.  As  might  be 
expected,  the  contact  in  this  case  was  more  difficult  to  establish,  and  was 
not  obtained  until  the  sputtering  had  continued  for  about  55  seconds. 

A  still  greater  degree  of  difficulty  in  establishing  contact  between  film 
and  holder  is  shown  by  curve  9.  In  this  case  a  clean  quartz  plate  was 
simply  held  in  a  brass  clamp  whose  edges  had  been  filed  down  to  a  very 
sharp  angle,  whose  vertex  rested  flush  on  the  quartz  plate.  The  bounding 
surface  was  much  more  abrupt  in  this  case  than  in  the  others.  This  time 
sputtering  continued  for  at  least  680  seconds  before  contact  was  made  and 
currents  obtained  from  the  film.  In  fact  this  film  was  of  such  a  thickness 
as  to  be  quite  opaque. 

It  is  evidently  a  very  difficult  matter  to  make  good  electrical  contact 
with  very  thin  films.  The  less  abrupt  the  boundary  between  the  surface 
of  the  contact  film  or  plate  and  the  quartz  surface  on  which  the  film  is 
deposited,  the  more  perfect  will  be  the  contact.  At  first  sight  it  may 
seem  unlikely  that  a  contact  edge  as  thin  as  gold  leaf  would  prevent 
uniform  deposition  and  perfect  contact  with  the  film.  But  when  one 
remembers  that  these  thinnest  films  are  many  times  thinner  than  a 
wave-length  of  light,  it  is  easy  to  believe  that  the  depoated  molecules 
must  "bank  up,"  so  to  speak,  at  the  edge  of  the  contact  before  continuity 
is  obtained. 

There  are  two  applications  of  this  experiment  on  the  effect  of  the 
method  of  making  contact  with  the  films,  to  which  we  would  call  attention. 
In  the  first  place  it  explains  why,  in  our  results  and  also  in  the  recent 
results  of  Rotrinson,'  little  or  no  photoelectric  current  was  observed  until 
the  film  had  reached  a  certain  thickness,  where  the  current  showed  a 
sudden  increase.  The  above  results  seem  to  show  that  this  is  due  to 
impofect  contact  rather  than  to  any  inherent  property  of  very  thin 
films. 

It  also  offers  a  possible  explanation  of  some  of  the  results  obtained  by 

I  PhU.  Mbs-,  Vol.  as.  p.  IIS  C«9>3)- 
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Patterson*  on  the  specific  resistance  of  thin  metal  films.  He  found  for 
very  thin  platinum  films  that  the  specific  resistance  increased  more 
rapidly  than  was  predicted  by  the  electron  theory  of  conduction  sug- 
gested by  J.  J.  Thomson.*  It  seems  possible  that  all  or  part  of  this  un- 
predicted  increeise  may  be  due  to  high  contact  resistance  superposed  on 
the  regular  resistance  of  the  film.  If  this  is  true  it  would  explain  the 
discrepancy  between  theory  and  experiment  in  the  case  of  very  thin  films. 
We  also  tested  photoelectrically  a  61m  with  contacts  very  similar  to  those 
used  by  Patterson,  with  the  results  shown  in  curve  8.  The  contact 
between  film  and  holder  was  here  established  by  sputtering  the  platinum 
film  over  a  quartz  plate  whose  two  opposite  edges  had  been  covered  by 
means  of  a  semitransparent  silver  film,  deposited  by  the  Rochelle  salt 
method.  This  method  of  establishing  electrical  contact  between  film  and 
holder  was  evidently  the  most  perfect  yet  tried.  As  seen  from  the  curve, 
contact  was  established  soon  after  lo  seconds'  deposition.  Had  contact 
been  made  from  the  first  it  Is  probable  that  the  resistance  which  Patterson 
measured  would  have  been  found  to  conform  more  closely  to  the  theory 
discussed  in  his  paper. 

•  PhU.  Mag..  Vol.  4.  p.  65a  (1903). 

'  Proc  Camb.  Fbit.  Soc.,  VoL  11.  3,  p.  119  (1901)- 
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VECTOR  POTENTIAL  IN  RELATION  TO  VECTOR  ANGLE 

By  FKBDEBtCK  SUkTK. 

'  I  "HE  recent  freer  use  of  the  various  potentials  has  not  carried  with  it 
-^  their  adoption  as  quantities  that  are  physical  in  the  fullest  sense 
of  the  word;  they  continue  to  be  set  ofiF  somewhat  as  " Rechnungsgrbs- 
sen" — formal  aids  to  calculation  or  summarized  expression,  employed 
without  always  searching  deep  for  pos^ble  physical  significance.  It  is 
true  that  the  oldest  potential,  the  scalar  potential  of  gravitation,  electric 
charges  and  magnets,  has  recognized  copnections  with  enei^y,  familiar 
enough  in  fact  to  guide  the  conventions  standardizing  its  sign  and  magni- 
tude. But  the  vector  potential,  its  chief  companion,  is  still  more  en- 
veloped in  mathematical  haze  than  is  desirable;  its  physical  aspects  are 
obscured  by  its  association  with  certain  operations  and  theorems  whose 
mystery  is  not  yet  dissipated.  As  a  mode  of  statement  within  modem 
electromagnetic  theory,  however,  accepted  finally,  it  would  appear,  after 
some  protest  against  its  inadequacy  or  superfluousness,  the  vector  poten- 
tial will  be  enga^ng  increased  attention.  It  should  be  properly  strength- 
ened by  whatever  of  direct  physical  meaning  we  can  gather  round  it, 
and  what  follows  here  is  a  small  contribution  to  that  general  end, 
taking  upa  clew  offered  through  the  vector  algebra,  which  enables  us  to 
read  a  new  sense  into  the  p^irallelism  between  the  scalar  and  the  vector 
potential,  to  the  advants^  of  the  latter,  rated  as  a  physical  concept. 

First  as  to  the  geometrical  and  preparatory  ideas,  that  happen  to  be 
connected  with  solid  angle.  Assuming  a  pole  (P)  let  the  extremity  of  a 
radius  vector  (r)  be  guided  along  any  closed  curve  (s)  in  space,  tracing  in 
general  some  conical  mantle,  whose  surface  we  may  suppose  not  to  cut 
itself,  in  order  to  avoid  mere  complication  in  details.  Then  the  differ- 
ential tangent-sectors  give  instantaneously  the  resultant  elements  of 
plane  ai^e  described  by  the  radius  vector,  the  a^regate  of  angle 
being  a  vector  sum.     This  appears  in  the  form 


re  is)  lies  all  in 
e  of  unit  radius 
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(unit  sphere)  centered  at  the  pole  detennines  by  its  intersection  with  the 
conical  mantle  the  boundary  (si)  of  the  solid  angle  subtended  by  the 
curve  is)  at  the  point  (P),  if  we  accept  the  area  of  the  spherical  cap 
(r  -  i)  as  the  measure  of  that  solid  angle.'  Then  by  a  simple  continua- 
tion we  write  the  vector  expres^on  for  an  areal  element  on  the  unit 
sphere,  in  the  strip  bordered  by  the  curve  (si)  whose  width  is  determined 
by  a  second  coordinate  {dtt), 

dSi  »  [dMid*^  -^  [daidihl.  (2) 

The  third  member  of  this  equation  can  be  read  in  two  ways,  according 
to  the  form  of  the  thought  attached  to  the  second  member.  First,  in 
terms  of  angle-area,  the  third  member  multiplies  axial  vectors;  per- 
pendiculars to  the  linear  vectors  multi^Jied  in  the  second  member,  but 
numerically  equal,  each  to  each.  The  second  factor  (dat)  is  the  angle  for 
the  center  (P)  conespondtDg  to  the  arc  {d$t).  'Hte  product,  being  of 
necessity  oriented  in  die  radius  vector,  is  evidently  unchanged  by  turning 
both  factors  through  any  common  ai^e  about  that  line.  But  secondly, 
the  factors  in  the  third  member  are  only  synonyms  for  those  in  the  second, 
if  we  can  adopt  the  src-dement  of  the  unit  circle  to  represent  ang^e  («.  e., 
by  a  linear  vector  in  the  plane  of  die  ai^e).*  Either  pcunt  of  view 
enables  us  to  look  upon  solid  angle  as  generated  by  an  integrated  double 
movement  in  plane  anf^  of  the  radius  vector,  a  scalar  sum  being  formed 
finally  of  the  elements  of  area  whose  normals  are  all  radial.  And  since 
the  cap  has  been  taken  on  the  unit  sphere,  these  results  again  are  en- 
tirely consistent  with  a  connection  of  solid  ai^e  and  volume,  through 
the  exjn^s^on* 

A  -  £^(riS).  <3) 

Further,  as  a  closing  word  en  the  geometrical  relations,  we  may  note 
that  the  sector  of  the  unit  sphere  determined  by  the  curve  (5i)  beii^ 

'  Following  Mftxwell'i  definition.  El.  and  Mag.,  3,  p.  39.  A  double  or  triple  Hoe  of  aped- 
ficktioDi  wboM  equlvalencea  rest  finally  upon  certain  colnddencea  of  value  for  unit  radliu.  It 
found  current  and  nipported  by  good  authority  through  the  whole  group  of  angular  quantitlea. 
There  seems  to  be  no  ground  in  logic  for  adhering  exclusively  to  one  plan  and  Ignoring  tpedal 
conveniences;  and  any  necessary  reasslgiuneat  of  dlmensiona  can  be  taken  •ccouut  of  euUy. 
This  freedom  of  choice  among  alternatives  is  mode  use  of  later. 

■  This  pteaentatlon  of  angle  as  arc-element  Is  not  complete  in  vector  algebra,  it  Is  dear, 
unleM  somehow  supplemented  by  knowledge  of  the  angle's  plane;  here,  <.  f..  through  lo- 
cation of  the  center  (P).  This  measure  of  angle  underlies  the  specification  of  angular  velocity 
M  cm./sec  (explicit  In  Klein  and  Sonuneifeld,  Kreiseltheorie,  p.  11).  Such  Instances  remind 
us  that  a  vector  quantity  may  be  treated  on  more  conventional  bases  tluui  one;  with  "no 
questions  asked"  about  pedigree. 

•  State,  loc.  cit.,  p.  57. 
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bounded  by  a  closed  surface,  the  projections  on  any  plane  of  its  conical 
mantle  and  of  its  spherical  cap  must  be  equal  m^^itudes,  but  subject  in 
taga,  of  course,  to  the  established  rule  of  "outward  normal."  This 
concIu«on  has  an  evident  extension  to  any  distribution  of  phyacal  vector 
that  is  homogeneously  proportional  to  area  throughout  mantle  and  cap.' 
Pasmi^  now  to  physical  application  of  what  precedes,  as  a  matter  of 
greater  present  concern,  the  most  essential  points  can  be  brought  out  if 
we  consider  the  simplest  case:  The  curve  (5)  is  a  rigid  conducting  circuit 
carrying  stationary  current,  and  a  positive  magnet-pole  is  at  the  point 
(P).  The  inclusion  of  displacement  current;  and  of  conditions  that 
introduce  retarded  potentials;  can  be  shown  without  difficulty  to  demand 
no  fundamental  modifications.  Reckoning  then  for  unit  of  current  and 
of  pole  strength  (and  we  will  add  unit  of  penneability),  the  resultant 
interaction  between  the  pole  and  a  current-element  in  the  direction  (d*) 
at  ao  angle  (fl)  with  the  radius  vector  (r)  drawn  from  the  point  {P),  is 
given  correctiy  by 

<W,  -  -  iiird.].  (4) 

F«-  our  purpose  the  relations  depend  upon  configuraticm,  and  we  may 
regard  the  pcrfe  as  fixed,  while  the  circuit  suffers  translational  displace- 
ment.  The  element  of  force-moment  for  origin  at  (P),  active  on  the 
clement  of  circuit,  is 


,-_       r  ifjil       J         ^  •    ^  i  perpendicular  to  r  \ 

I         r* '     '  J  f  I  m  the  plane  (r,  ds)  j 


(5) 


The  directed  elements  of  the  curve  (51)  on  the  unit  sphere  gain  thus  a  new 
special  meaning,  adaptable  to  any  general  values  for  current  and  pole- 
strength  by  the  introduction  of  a  proper  tensor  as  factor,  which  we  shall 
continue  here,  however,  to  treat  as  unity.  Moreover,  our  value  for  the 
element  of  force-moment  about  anaxis  at  (P)  drawn  parallel  to  {d»i) 
exhibits  to  inspection  a  maximum  (all  other  conditions  remaining  un- 
altered), 

dJlft(max.)  s  dM  =  -  it  F  for  the  direction  d  =  -  I .  (6) 

And  the  form  of  the  expression  in  eq.  (5)  opens  the  way  to  con»der  this 
maximum  (oriented  parallel  to  id»))  as  a  resultant,  in  the  sense  that  its 
projection  upon  the  actual  axis  yields  the  force-moment  available  about 

'  Compare  Maxwell,  El.  and  Ma(.,  t,  pp.  39-44.  "  >  classic  reference,  needing  only  to  be 
"popularized"  by  tmulation  into  simpler  modern  forms,  and  liy  some  naAlng  between  the 
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that  axis.  Therefore  specially,  assuming  reference  axes  at  the  origiii 
(P)  and  usii^  the  direction-cosines  (/,  m,  n)  of  (tix) ,  we  derive  for  momenta 
av^lable  about  {X,  Y,  Z): 

dM.  -  -<fa:  dJfv  -  -ds;  dM.  -  -ds.  (7) 

Let  now  the  circuit  (s)  be  shifted  by  translation,  cau«ng  ai^:ular  dis- 
placement {da)  of  the  radius  vector  drawn  to  (da) ,  and  the  doing  of  work 
by  the  force-moment  (dMi)  to  the  amount 

dW  -=  (dMida)  =  dM,da'  -  {dMda').  (8) 

The  factor  (da')  is  the  efltective  angular  displacement ;  namely  the  com- 
ponent colinear  with  the  total  force-moment  (dMi)  of  eq.  (5).  Hence 
we  may  read  equations  (7)  and  (8)  in  these  terms: 

The  maximum  force-moment  (dM)  gives  by  a  definite  plan  of  projection 
upon  any  Hne  through  the  origin  the  work  per  unit  angle  (or  also  the  work 
reckoned  for  unit  angle)  of  dis^acement  about  that  Hne  as  axis.  And  these 
altematities  are  dimensionally  equivalent,  when  angle  is  a  numerical  guantity. 

And  further,  returning  to  eq.  (3),  since  the  factors  (dti)  and  (doi)  are 
colinear  when  the  width  (dfi)  is  perpendicular  to  (d»i)  and  we  are  dealing 
with  angje-area,  the  scalar  product  in  eq.  (8)  is  the  numerical  equivalent 
of  the  vector  product  in  eq.  (3);  and  on  comparing  we  can  see  how  the 
work  done  locally  by  the  active  moment  comes  to  be  measurable  by 
an  increment  (dSi)  of  solid  angle  at  an  element  of  the  boundary  (si). 

But  it  may  be  desirable  to  think  of  the  pole  as  dtsplaceable  and  the 
circuit  as  fixed;  and  this  transition  offers  no  difficulty.  For  just  as 
both  aspects  of  an  interaction  in  the  junction-line  of  two  active  elements 
are  comprehended  in  one  concept  of  stress,  so  an  interaction  of  the 
present  type  that  is  perpendicular  to  the  line  joining  the  active  elements 
may  be  viewed  inclusively  as  one  couple,  whose  moment-vector  accord- 
ingly  may  be  drawn  indifferently  at  either  end  of  the  radius  vector.  And 
the  same  work-element  also  is  determined  from  each  point  of  view, 
because  the  ai^ular  displacement  retains  sign  and  magnitude,  when 
adjusted  to  the  equivalent  linear  displacements  of  pole  and  circuit,  whidi 
must  be  opposite  as  well  as  equal. 

The  attention  given  thus  far  to  the  differential  element  only  of  the 
interaction  between  circuit  and  pole  does  in  fact  reveal  all  the  essentials 
of  the  situation.  But  it  remains  necessary  to  express  the  result  of  sum- 
ming effects  by  taking  account  of  the  whole  group  of  elements  in  the  cir- 
cuit (s).  We  can  execute  this  conveniently  by  forming  from  eq.  (7)  the 
algebraic  integrals' 
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M,  =  j^ds:  M,=  fjds;  M.'^fjds.  (9) 

These  expresrions  for  its  components  enable  us  to  recognize  the  quantity 
M  ~  Mi  +  Mf  +  M,  as  the  vector  potential  at  the  point  (P) ;  and  the 
same  identification  is  deduced  from  eq.  (6),  if  we  write  for  the  vector  sum 
and  its  components^ 


.    fdM;  M,  - 


^coaa;  M,  —  Mcosff;  M,  -  Jlf  cosr-   (10) 

It  is  apparent  that  no  important  difference  exists  between  the  two  state- 
ments; only  an  interchanged  order  of  the  operations:  (i)  Projection; 
and  (2)  summation;  plainly  justified  by  the  fundamental  equivalence  of 
resultant  and  its  group  of  components  as  affected  by  the  same  operator. 
We  shall  note  this  legitimate  inversion  in  another  connection  presently. 
The  main  result  of  our  discussion  might  then  be  summarized  at  this  st:^ 
in  a  definition  of  vector  potential  as  a  single-valued  vector  point-function, 
whose  local  value  is  determined  in  direction  and  meignitude  by  the  total 
at  each  point  of  the  force-moments  due  to  other  active  material  in  the 
field,  and  described  in  the  italics  following  eq.  (8).  We  are  thus  put  in  a 
position  to  anticipate  the  reason  why  the  vector  potential  presents  itself 
as  a  convenience,  where  (and  wherever)  the  field-forces,  though  (i) 
functions  of  the  relative  coCrdinates  only,  are  (2)  perpendicular  to  junc- 
tion-lines and  not  directed  along  them ;  and  how  the  scalar  and  the  vector 
potential  are  supplementary  in  the  dynamics  of  force-fields;  primarily, 
we  may  say,  as  regards  the  types  of  interaction  to  which  they  apply 
naturally,  for  their  equality  in  dimensions  (those  of  energy)  is  on  the 
surface  formal  and  will  not  lead  far.  Nevertheless,  the  formulation  in 
the  above  terms  suggests  on  another  side  a  comparison  of  the  vector 
potential  with  the  vector  parameter  (gradient)  of  the  scalar  potential 
rather  than  direct  association  of  the  potentials  themselves.  For  the 
gradient  may  be  specified  in  complete  parallel,  by  substitutii^  the  ele- 
ment of  (radial)  force  for  the  element  of  force-moment  in  the  vector 

■  Eq.  (9)  la  tbe  plain  equivalent  of  Maxwell,  El.  and  Mas-,  a.  p.  44.  eq.  (9);  while  hla 
conttnictlon  (p.  44,  foot}  can  be  baaed  dltecUy  upon  our  eq.  (lo),  which  la  also  (for  unit  of 
current)  the  vector  form  found  In  the  literature  of  electromagnetiim.  It  U  worth  remarking 
that  this  type  of  line-tntcgral  showi  the  aggngate  effect  of  some  actual  and  limited  distribution 
tH  titu;  for  instance,  the  total  weight  of  a  curved  rope,  not  uniform  in  croaa  aectlon.  To 
repeat  such  a  summation  would  be  meaningless,  whereas  a  progressive  dUpIacement  round  a 
closed  curve  Is  capable  of  repetition,  and  may  give  through  a  line-Integral  work  corresponding 
to  a  multipie-valned  potential.  Observe  further  that  the  integrals  of  eq.  (9)  may  possibly 
vanish  as  momenta,  though  the  summed  work  of  the  moment-elements  does  not  become  zero. 
This  is  a  counterpart  of  the  fact  tli«t  a  couple  (which  la  lero  force)  may  contribute  a  finite 
amount  of  work. 
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potential.  That  is,  with  inversion  of  the  more  habitual  process,  just 
quoted  as  allowable,  the  gradient  too  can  be  obtained  by  assembling  the 
projections  of  a  group  of  elementary  force-maxima.  Pairing  in  the  way 
indicated,  the  distribution  of  forcive  throughout  the  held  can  be  traced; 
the  local  value  of  the  vector  potential  yields  force-moment,  and  that  of 
the  gradient  yields  force ;  in  both  cases  alike  by  the  one  operation  of  projec- 
tion. It  is  equally  true,  however,  as  another  unconstrained  reading  of 
what  precedes,  that  tiie  force-moment  about  any  line  is  obtainable  by 
a  process  akin  to  "axial  differentiation"  with  respect  to  vector-angle 
applied  to  the  vector  potential ;  leading  here  to  the  same  result  as  mere 
projection  because  this  particular  differentiation  leaves  dimenuons  un- 
altered when  angle  is  a  ratio. 

If  the  vector  potential  gives  one  method  of  expressing  work,  known  W 
be  energetically  equivalent  to  a  second  method  where  the  scalar  potential 
is  used,  the  same  amount  of  work  for  any  given  displacement  becomes 
calculable  in  terms  of  force-moment  owrted  during  a  turning  and  also 
in  terms  of  linear  displacement  under  a  strught  pull.  The  familiar  con- 
nection  between  a  cnnent-circuit  and  a  properly  chosen  magnetic  shell 
is  readily  dedudble  on  the  basis  of  eq.  (8),  the  values  of  the  potentials 
beii^  harmonized  by  taking  the  conventional  zero  at  infinity  for  both. 
But  we  must  expect  that  an  attempt  to  develop  complete  symmetry 
in  the  operations  applied  to  the  two  potentials  and  their  results  will  be 
disturbed  by  obstacles.  For  example,  the  imperfect  balance  of  cross 
relations  between  forces  and  couples  prevents  a  match  to  the  partial 
determination  of  moment  by  the  former  with  a  contribution  to  force  by 
the  latter;  couple-moments  are  free  vectors  while  a  force  vector  may  be 
localized  in  its  "Une  of  action."  Again  the  junction-line  of  two  active 
elements  is  unique,  but  a  coordinate  perpendicular  to  such  a  line  needs 
further  definition.  Consequently,  when  a  derivative  of  the  vector  poten- 
tial is  connected  with  a  force  perpendicular  to  the  codrdinate  used  in 
forming  the  derivative,  the  particular  perpendicular  is  in  fact  also 
specified.  This  is  perhaps  the  closest  analysis  of  the  necessary  vector 
quality  in  this  potential;  and  it  underlies  as  well  the  occurrence  here  of 
the  curl  operator,  as  causing  "quadrantal  advance"  in  direction  for  the 
derivatives  that  enter. 
Univbrsitv  or  Califokniai 
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THERMAL    AND    ELECTRICAL    CONDUCTIVITIES   OF  THE 
ALKALI  METALS. 

BT  J.   W.    HOKNBXCK. 

I.  Intkoduction. 
NE  of  the  first  successes  of  the  modera  electron  theory  coiwsted  in 


O 


its  very  simple  explanation  of  the  constant  ratio  of  the  thermal 
and  dectiical  cooducti'vities  for  the  metallic  elements.  However,  a 
closer  ttndy  of  the  conduction  of  heat  and  electricity  through  metals,  of 
tbeir  thermo-electTic  and  magnetic  properties,  showed  that  the  simple 
theory,  which  considered  the  electrons  to  move  freely  through  the  metal, 
was  unable  to  explain  the  manifold  and  complicated  [Aenomena  in  a 
satisfactory  way. 

It  was  first  assumed,  in  the  theories  of  Riccke,  Drude,  J.  J.  Thomson 
and  H.  A.  Lorentz,  that  the  electrons-are  free  and  share  the  heat  motion 
of  the  atoms;  but  this  assumption  leads  to  a  number  of  contradictions. 
When  one  determines  N,  the  number  of  free  electrons  per  cubic  centi- 
meter, by  the  method  oi  the  conductivities  for  heat  and  electricity  for 
the  different  metals,  values  are  found  vrfaich  differ  greatly^  from  those 
derived  from  the  Peltier  effect.  Moreover,  the  experiments  of  Rubens 
and  Hagen  show  that  the  electrical  conductivity  of  metals  for  alternating 
currents  of  very  high  frequency  remains  practically  the  same  as  for  steady 
fortxs,  and  the  values  <A  N  which  follow  from  these  data  are  impoesiUe' 
in  view  of  the  known  values  of  the  specific  heat.  Furthermore,  Lees* 
measured  the  thermal  and  electrical  conductivities  of  a  number  of  metals 
down  to  the  temperature  of  liquid  air  and  found  an  increasing  deviation 
from  the  law 

X     40*^ 

A  change  in  structure  has  a  large  effect  on  the  thermal  and  electrical 
conductivities.  For  instance  it  has  been  found  recently*  that  the  re- 
sistance of  mercury  at  4.3°  absolute  drops  suddenly  from  o.ii  to  zero. 
Small  impurities  have  lai^  effects.  Metals  and  alloys  often  behave  in 
opposite  ways.    For  example,  the  heat  conductivity  of  the  metals  de- 

■  J.  J.  Thomton,  CorpUMuIor  Theory  of  Matter,  pp.  76,  S4. 
•  C.  H.  Leefc  Phil.  Tran.,  Royal  Soc..  Vol.  ao8,  p.  381.  1908. 
'  H.  Karoerlingh  Onnei,  Com.  TYtyt.  Lab.  of  Univ.  of  Leiden,  No.  134,  p.  JJ. 
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creases  slightly  with  increasing  temperature,  while  for  the  alloys  it  in- 
increases  with  the  temperature.  Moreover,  the  ratio  \/vT  increases 
slightly  between  —  180°  C.  and  +  20'  C.  for  the  metals,  and  decreases 
considerably  for  the  alloys. 

These  facts  cannot  be  explained  by  the  present  theories  even  when  it 
is  assumed,  as  Lorentz  and  Richardson'  have  done,  that  the  distribution 
of  the  velocities  of  the  electrons  is  that  which  corresponds  to  Maxwell's 
expression. 

The  strongest  evidence  against  this  conception  of  the  electric  current 
consists  in  the  fact,  shown  by  Nernst,  that  the  specific  heat  of  metals 
approaches  zero  as  the  temperature  approaches  the  absolute  zero.  If 
the  current  were  due  to  the  motion  of  free  electrons  which  are  in  tempera- 
ture equilibrium  vnth  the  metal,  then  the  specific  heat  would  be  due 
mainly  to  the  free  electrons  and  would  therefore,  as  in  a  gas,  chai^  very 
little  with  decreasing  temperature.  The  question  arises  as  to  whether 
the  electrons  carrying  the  current  take  part  in  the  specific  heat. 

Several  modifications  of  the  original  theory  have  been  proposed,  but 
none  of  them  gives  an  adequate  quantitative  explanation  of  all  the 
phenomena.  The  various  theories  agree  only  in  the  fundamental  as- 
sumption that  the  current  is  carried  by  elections.  This  is  in  harmony 
with  the  general  facts  that  the  good  conductors  are  metals,  positive 
elements,  ready  to  part  with  a  negative  electron;  that  the  metals  when 
struck  by  ultra-violet  light  or  Roentgen  rays,  or  when  heated  to  a 
certain  temperature,  emit  electrons;  and  that  the  current  in  the  metals 
shows  the  Hall  effect. 

The  decrease  of  the  specific  heat  with  decreasing  temperature  is  at 
least  qualitatively  accounted  for  by  Planck's  theory  of  radiation.  It  is 
possible  that  the  electrons  have  at  low  temperature  no  part  in  the  specific 
heat  of  the  metals,  so  that  the  specific  heat  is  entirely  due  to  the  motion 
of  the  atoms  or  to  their  elementary  oscillators.  According  to  this  con- 
ception there  are  no  free  electrons  at  all,  at  least  at  low  temperatures, 
and  the  electrons  escape  only  when  they  have  acquired  a  sufficient 
amount  of  kinetic  energy  to  overcome  the  attraction  of  the  positive 
"rest-atom."  Then  there  should  be  a  definite  relation  between  the 
enei^  of  the  electron  and  the  energy  of  the  atom. 

We  shall  assume  that  the  electrons  part  with  the  atom  when  their 
kinetic  energy  is  proportional  to  the  energy  E  of  the  atom.  Moreover, 
for  the  eneigy  of  the  atom,  or  the  oscillator  in  the  atom,  we  shall  assume 
the  expres^on  given  by  Planck* 

'  Planck.  Achl  Vorlesungcn  Ober  Theoretische  Ptiyaik. 

■O.  W.  RicbardBon,  Trans.  Am.  Chem.  Soc.,  Vol.  XXI.,  191a. 
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or,  according  to  the  modified  theory, 

hn        hn 

Then  the  kinetic  energy  of  the  electron  is  given  by 

where  f  is  some  constant,  and  from  this  equation  we  know  c  as  a  function 
of  T.  The  constant  term  hnj2  has  no  effect  in  the  present  application 
of  the  Planck  theory.  If  I  is  the  mean  free  path  and  t  the  time  during 
which  the  electron  moves  from  one  atom  to  the  other,  then 

I 

"  =  ? 

The  force  acting  on  the  electron  in  the  tield  E'  is  E'e,  and  the  acceleration 

E'e 

a  —  — . 

m 

The  mean  time  during  which  this  force  acts  is  //2  seconds  and  hence  the 
field  superposes  a  velocity 

at     E'd 

2        2fKI>' 

The  number  of  electrons  passing  through  unit  cross-section  per  unit 

time  is 

„        NE'd 

Nu  = , 

2tm) 

and  the  current  density 

.       „         E'^Nlv 

»  —  Nue  — -r-  =  ff£ . 

27mr 

Whence 

g*JVto      JVfee*      _Nbf^ 
"  "  2fM»»  "  4£i  "         A»    ■  ^^' 

4T  ili 

For  the  quantity  of  heat  energy  pas^ng  through  unit  area  per  unit  time, 
we  have 
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I        BE,      I        iE,  dT        dT 
3         d*      3        dT  dx         dx 


3""dT 
Hence 

X       4    dE,_ 


m^.  w 


je"  <ir""  *'* 


Substituting  in  (3)  tlie  values  of  £1  and  dEildT,  we  have 
X       4  ■>■>■»'   I         f 


iT    3   «■*    r"/ 


(--.)■• 


(4) 


If  kn/kT  is  small,  we  can  expand  the  exponential  functions  and.equa- 
tion  (4)  for  the  higher  temperatures  assumes  the  form 

^r"3'^«»V      2kT)-  ^^' 

As  T  increases,  according  to  equation  (5),  the  values  of  X/vT  should 
approach  a  constiint  value  and  this  agrees  with  the  facts.  Moreover, 
when  the  values  of  X/itT  are  plotted  against  T  in  equation  (4),  the  curve 
is  found  to  be  of  the  same  form  as  the  experimental  curves  which  Lees 
obtained  tor  the  pure  metals  at  low  temperatures.  Thus  we  have  a 
formula  which  explains  the  behavior  of  XfaT  for  pure  metals  and  whicb 
also  leads  approximately  to  the  right  expresaon  for  the  variation  of  the 
specific  heat  with  the  temperature.  It  agrees  with  Einstein's  formula 
for  specific  heat;  in  fact,  both  formulae  rest  upon  Planck's  expression 
for£. 

It  is  not  claimed  that  this  theory  is  complete.  It  is  merely  suggested 
as  a  possible  step  in  the  right  direction  because  it  removes  two  important 
difficulties  of  the  electron  theory  without  introducing  new  contradictions. 
The  phenomena  of  metallic  conduction  are  so  complicated  that  they 
cannot  be  explained  by  one  simple  group  of  assumptions.  So  far  we  have 
considered  only  the  heat  conductivity  due  to  the  electrons.  The  atoms 
themselves  undoubtedly  transfer  a  part  of  the  heat  motion  as  is  shown 
by  the  fact  that  non-conductors  of  electricity  have  finite  values  of  X 
while  V  is  equal  to  zero.  Moreover,  there  are  good  reasons  for  believing 
/,  the  mean  free  path,  is  a  function  of  the  temperature.  This  would  fol- 
low from  Richard's  theory  in  regard  to  the  variation  of  the  radius  of  the 
atom.  It  should  be  pointed  out  that  if  we  take  the  two  most  umple 
formulas  _^ 

I  aiwJbvGoOt^lc 
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and  assume  ^^ttn^  —  aT  and  also  I  "  const /VT,  it  follows  that  X  be- 
comes independeat  of  the  temperature,  while  o  is  inversely  proportional 
to  the  abscdute  temperature.  This  agrees  fairly  well  with  experimental 
(acts  over  a  conuderable  rai^  of  temperature.  That  the  mean  free 
path  has  something  to  do  with  the  conductivity  is  also  shown  by  the  Hall 
effect.  H.  Kamerlingh  Onnes  has  found  that  the  constant  of  the  Hall 
effect  for  gold,  silver  and  mercury,  increases  con^derably  near  the  tem- 
perature of  liquid  hydrogen. 

Finally,  the  electric  field  may  act  on  the  atoms  in  a  metal,  tending  to 
brii^r  about  a  certain  polarization  which  will  have  an  effect  on  the  con- 
ductivity for  electricity  and  heat.  If  this  were  the  case,  we  should 
expect  the  use  of  temperattu^  baths  to  lead  to  a  value  of  X  different  from 
that  obtained  by  electric  heating. 

It  was  the  purpose  of  the  present  investigation  to  attempt  to  bring 
further  evidence  in  favor  of  one  of  the  different  theories.  The  alkali 
metals  were  thought  U>  be  particularly  suited  to  this  purpose  because 
they  have  properties  quite  different  from  those  of  the  other  metals. 
Alkali  metals  have  a  higher  temperature  coefficient  of  reustance  than 
the  other  metals.  The  atomic  heat  and  atomic  volume  are  greater  and  the 
index  of  refraction  smaller  than  for  the  ordinary  metals.  In  their  photo- 
electric properties  they  differ  considerably  from  the  other  elements. 
All  these  properties  indicate  that  the  alkali  metals  are  rich  in  electrons 
and  that  even  the  positive  "rest-atoms"  have  considerable  mobility. 

So  far  as  known,  the  heat  conductivity  of  the  alkali  metals  has  hitherto 
not  been  measured.  This  is  a  constant  of  sufficient  importance  to  make 
its  determination  worth  while.  Northrup*  has  determined  the  electrical 
conductivity  of  the  alkali  metals  by  a  very  good  method  and  daims  an 
accuracy  of  one  half  of  one  per  cent.  His  results,  however,  do  not  agree 
well  with  those  of  former  observers*  and  it  was  therefore  con^dered 
important  to  check  his  work  by  an  entirely  different  method. 

II.  Theory  of  the  Method. 
The  or^nal  Koblrausch*  method,  which  was  perfected  by  Jaeger  and 

■  E.  F.  Northrup,  Tiaiu.  Am.  Electro-Chein.  Soc,  Vol.  XX.,  ti>it,  p.  185. 

■  Mattbdten.  Phil.  Mas-  (4).  I3<  I99. 1856;  13. 81, 1857-     Bemlnl.  Pbya.  Zelt..  5, 341, 1904. 
•P.KoiilrtLiuidi.Gatt.NMlu'.,S.83. 1B74;  Pon.  Ann..  is6,  S.616,  i87Si  Ann.  der  Phys.. 
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E>iesseIhorst,>  was  used.  It  is  both  simple  and  reliable  and  it  has  the 
distinct  advantage  of  givii^  the  ratio  of  the  heat  and  electrical  conductivi- 
ties directly.  This  method  consists,  briefly,  in  sendii^  a  steady  electric 
current  through  a  cylindrical  rod  of 
the  metal  to  be  investigated  and 
measuring  the  temperature  and  po- 
tential difFerence  at  three  equidistant 
points  along  the  axis  of  the  rod,  while 
the  temperatures  of  the  ends  of  the  rod  and  of  the  surroundii^  jacket  are 
held  constant.  For  the  convenience  of  the  reader  the  theory  of  the 
method,  so  far  as  it  has  any  application  to  this  investigation,  will  be 
given  here  in  a  simplified  form. 

Referring  to  Fig.  i,  let  «  and  f  represent  the  temperature  and  potential 
of  any  cross-section  of  the  rod;  and  let 

a  =  area  of  cross-section, 

9  =  electrical  conductivity, 

X  =  thermal  conductivity. 

Let  us  assume  that  the  Thomson  effect  is  negligible  and  that  X  and  a, 

for  the  small  temperature  interval  considered,  are  constant.    Then  the 

current  flowing  through  the  rod  is  given  by 


=(-!)- 


And  the  number  of  calories  of  heat  developed  in  the  elementary  volume 
per  unit  time  is 

,„     i'  dx    I 
^^      a     a     J 
where  J  represents  Joule's  equivalent, 

_      /(fcV     ^ 

The  quantity  of  heat  flowing  into  the  elementary  volume  per  unit 
time  ts 

^-(-l)xa, 

and  the  quantity  flowing  out  is,  likewise,  equal  to 

■  jMger  uud  DietMlhortt.  WIm.  Abh.  der  Phyt.  Tech.  Reich.,  3, 169, 1890;  Sti.  B«r.  Der 
Berlin  Ak.  d.w.,  38,  719,  1899. 
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For  the  stationary  state 

dQ  +  dQ,  -  dQt  "  o.  (I) 

Subetituting  in  this  equation,  we  have 


(£y5 


Now  the  isothennal  surfaces  are  also  equipotential  surfaces,  if  we 
assume  that  the  temperature  is  constant  for  all  points  of  the  same  cross- 
section,  and  the  temperature  depends  upon  the  potential  only.    Then 

du      dude 
dx     dv  dx' 


Ph      (Pu  /dt»  y     du  dh 
lx»^d^\dx)'^^di^- 


^     dhtfdv\ 


'\dx)- 
Substituting  this  value  in  equation  (2),  we  liave 


d^"  ~J\' 


Integratii^  this  equation,  we  have 


(3) 


(4) 


The  integration  constants,  A  and  B,  are  readily  evaluated  by  impo^ng 
the  condition 

«i  —  lit  —  «', 

and  the  equation  can  be  reduced  to  the  form 

X      I    I     (vi  -  vtY 

<r  "  8  ■  J  "   «,  -  «'  ■  ^' 

where  ut  is  the  temperature  of  the  middle  of  the  rod,  and  u'  is  the  tem- 
perature of  either  of  the  two  sections  equally  distant  from  the  middle. 
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Equation  (5)  would  be  true  tf  no  heat  were  lost  through  the  lateral 
suriace  of  the  rod.  This  condition,  however,  cannot  be  realized  experi- 
mentally and  so  it  is  necessary  to  apply  a  correction. 

Let  us  diai^e  (5}  slightly  by  expressing  \  in  watt-seconds,  instead  of 
calories,  and  put 

Then  we  have 

In  this  equation,  then,  U  stands  for  the  value  of  the  temperature  differ- 
ence,  supposing  that  the  surface  of  the  rod  were  oivered  with  a  perfect 
heat  insulator. 

Now  let  A  represent  the  observed  value  of  the  temperature  interval 
at  -  J^(«i  +  «») ;  let  uo  represent  the  temperature  of  the  surrounding 
jacket;  and  let 

;v  =  «o  -  «i  +  JA. 

Then,  as  Jaeger  and  Die&selhorst  have  shown,^ 

£7  =  A  -  f  Jff,  (7) 

where  c  is  a  correction  factor  depending  on  the  conductivity  of  the 
packing,  the  conductivity  of  the  metal,  and  the  dimenaons  of  the  rod 
experimented  upon;  and  its  value  can  be  determined  by  experiment. 
In  the  present  work  with  the  alkali  metals,  the  values  of  \/<r  were 
computed  by  means  of  equations  (6)  and  (7). 


for  the  case  where  no  heating  current  is  used.    The  method  of  obtaining 
tills  correction  factor  will  be  made  clear  in  a  later  chapter. 

III.  Apparatus. 
End  Baths. — ^The  apparatus  for  controllii^  temperatures  was  con- 
structed in  the  department  shop.  It  was  modeled  after  that  of  Jaeger 
and  Diesselhorst,  but  certain  modifications  were  necessary  in  order  to 
protect  the  glass  vacuum  tubes  which  contained  the  alkali  metals.  The 
end  baths  were  provided  each  with  a  flat  brass  lid  and  a  rotary  stirrer, 
as  shown  in  Fig.  3,  which  was  driven  by  a  ranall  motor.  Fig.  3  indicates 
the  method  used  to  attach  the  glass  tubes  to  the  end  baths.    In  a  way 

'  Wtaa.  Abh.  der  Phy».  Tech.  Reich.,  3.  aSS.  »9<k>- 
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to  be  described  in  detail  later,  the  metal  to  be  studied  was  poured  into 
glass  tubes  one  or  two  centimeters  in  diameter  and  30  cm.  long.  The 
ends  of  the  tube  were  closed  by  copper  discs,  2  mm.  thick  and  5}^  cm. 
in  diameter.     By  means  of  suitable  brass  rings,  each  provided  with  ox 


Fig.  2. 

screws,  the  end-discs  were  attached  to  annular  dia^^iragms  which,  in 
turn,  were  mounted  against  the  end  baths  in  a  similar  way  so  that  the 
alkali  metal  and  the  water  were  s^iarated  only  by  the  thin  discs  of  copper. 
The  soft-rubber  diaphragms  served  as  a  [MX>tection  for  the  glass  tubes 
gainst  mechanical  strains. 

The  heating-current  terminals  were  introduced  beneath  the  heads 
of  three  of  the  screws  Bymmetrically  placed  with  reelect  to  the  center 
erf  the  discs. 

Brass  Jacket. — ^The  temperature  (^  the  atmoei^ere  of  the  tubes 
was  omtroUed  by  pumping  water  from  a  reservoir  through  a  cylindrical 


Fig.  3. 


Fig.  4. 


brass  jacket  by  means  of  a  small  turbine.  This  jacket  was  made  in  two 
independent  parts  which  were  connected  at  A  and  B  (Fig.  4),  and  simi- 
larly on  the  opposite  side,  by  short  rubber  tubes,  thus  maldi^;  it  necessary 
for  the  water  to  flow  the  entire  length  of  both  semi-cylinders  before 
leaving  the  jacket.  The  wires  of  the  thermo-cou(rfes  were  introduced 
between  the  two  parts  of  the  jacket  and  were  insulated  from  the  brass 
by  thin  strips  of  mica. 

The  temperature.  No,  of  the  jacket  was  measured  by  two  Beckmann 
thermometers,  mounted  deep  within  vertical  glass  tubes  through  which 
the  water  flowed,  so  that  no  stem  corrections  were  necessary.    Mwe- 
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over,  these  thennometers  were  placed  bo  that  their  bulbs  were  at  exactly 
equal  distances  from  the  points  C  and  D  respectively.  The  tubes  leading 
from  the  jacket  to  the  thennometers  were  made  as  short  as  pos^ble 
and  were  packed  each  with  the  same  number  of  layers  of  asbestos  paper. 
Likewise,  the  glass  tubes  containing  the  thermometers  were  packed 
similarly  so  that,  even  though  the  two  indicated  temperatures  which 
differed  considerably  when  worldly  far  from  room-temperature,  still 
the  arithmetic  mean  of  the  two  readings  gave  the  true  mean  temperature 
of  the  water  in  the  jacket. 

The  space  surrounding  the  tube  within  the  brass  jacket  was  packed 
tight  with  cotton  wool  and  the  outside  surface  of  the  jacket  was  wrapped 
with  fourteen  layers  of  heavy  cotton  flannel. 

Galvanometer. — ^The  galvanometer  used  was  of  the  D'Arsonval  type 
and  designed  especially  for  work  with  thermo-couples.  It  has  a  resist- 
ance of  230  ohms,  a  period  of  four  seconds,  and  a  sensibility  of  sic 
megohms  (or  a  scale  distance  of  i  meter.  By  means  of  an  unusually 
good  lens,  however,  the  image  of  a  lamp  filament  was  brought  to  a  ^arp 
focus  on  a  spale  5H  meters  distant  from  the  mirror.  At  sJ^  meters 
the  sensibility  was  8.6  X  lO'^"  amperes  per  millimeter  deflection.  The 
E.M.F.  of  the  copper-constantan  thermo-couples  was  about  40  micro- 
volts per  degree,  giving  deflection  of  0.2  mm.  per  i/iooo  degree.  Thus 
a  change  in  temperature  of  one  thousandth  of  a  degree  could  be  detected. 

Ammeters  and  other  Apparatus. — Except  for  the  potassium  tube, 
where  the  value  of  the  heating  current  sometimes  exceeded  150  amperes, 
a  new  Siemens  and  Halske  ammeter  was  used.  It  was  standardized  by 
means  of  a  Wolff  potentiometer,  Weston  standard  cell,  and  a  standard 
o.oi  ohm  re^stance.  For  the  data  on  potassium  a  Weston  direct  reading 
ammeter  (0-200)  was  used.  This  was  put  in  series  with  the  new  ammeter, 
mentioned  above,  and  calibrated  for  the  range  over  which  it  was  used. 

All  of  the  standard  thermometers  except  No.  17,481  were  standardized 
at  the  Reichsanstalt.  No.  17,481  was  certified  by  the  Bureau  of  Stand- 
ards.   These  thermometers  were  graduated  to  tenths  of  a  degree. 

An  Otto  Wolff  potentiometer.  Otto  Wolff  resistance  b<»ces,  and  a 
Weston  standard  cell  were  used. 

The  heating  current  was  supplied  by  the  department  storage  battery. 

Arrangement  of  the  Electrical  Apparatus. — The  potentiometer,  P,  was 
connected  as  shown  in  Fig.  5.  Bi  was  a  small  stcH'a^  cell;  Bt,  the 
standard  cell;  Ri,  Rt  and  Rt  were  resistance  boxes.  By  adjusting  Rg  at 
the  beginning  of  a  run,  the  potential  difference  from  ^  to  C  was  made 
equal  to  the  E.M.F.  of  the  standard  cell.    Ri  and  Rt  were  kept  constant. 

The  switches  and  keys  of  the  potentiometer  circuit  which  had  to  be 
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Operated  oontmually  while  taking  readings,  were  grouped  together  on 
one  switchboard  shown  diagrammatically  in  Fig.  6.     Ci  and  Ct  represent 


^ 


Fig.  5. 


Fig.  6. 


commutators  of  the  rocker  type;  Si,  St  and  St  were  two>way  switches  of 
the  rocker  type;  J^i  and  Kt  were  ordinary  mercury  keys.  Six  blocks  of 
parailine  were  mounted  upon  a  glass  plate,  30  X  40  cm.,  in  the  positions 
indicated.  The  thirty-two  mercury  wells  which  were  sunk  in  the  paraf- 
fine,  were  all  lined  by  small  glass  cups  which  served  as  supports  for 
the  metal  rockers.  These  rockers  were  all  made  of  copper  and  only 
copper  wires  dipped  into  the  mercury  cu[>5,  all  beii^  wound  from  the 
same  spool.  In  this  way,  contact  potential  dil7erences  were  reduced  to 
a  minimum. 


Fig.  7. 

Fig.  7  shows  a  diagram  of  the  exact  connections  of  the  electric  circuits 
and  the  relative  positions  of  the  apparatus,  with  the  exception  of  the 
galvanometer  which  was  on  a  wall  bench  on  the  opposite  side  of  the  room, 
SH  meters  away.     The  ammeter,  A.M.,   commutator  C,  controllii^ 

Goot^k 
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resistance  R',  and  key  K",  were  all  withia  easy  reach  of  the  observer. 
K"  was  a  short-circuiting  key  to  avoid  ardng  when  the  rocker  of  C  was 
thrown  over.  R^  was  simply  a  protective  resistance  for  the  galvanometer 
and  standard  cell,  and  could  be  cut  out  of  the  circuit  by  a  suitable  plug. 

rV.    EXPEEIMENTAL   DETAILS. 

Comtruction  of  Thermo-couples. — ^Since  the  alkali  metals  dissolve  ordi- 
nary solder,  it  could  not  be  used  for  the  junctions  which  were  placed  in 
the  tubes.  Moreover,  it  was  not  an  easy  matter  to  hard-solder  the  junc- 
tions without  burning  the  minute  copper  wires.  Several  attempts  to 
do  this  having  failed,  it  was  decided  to  try  the  use  of  mechanical  contacts. 
The  fine  copper  wire,  o.l2  mm.  in  diameter,  was  wound  around  the  con- 
stantan  wire  (diam.  o.iS  mm.)  for  a  distance  of  about  3  mm.  The  shape 
of  these  junctions  was  admirably  adapted  to  the  double  purpose  of  meas- 
uring both  the  temperature  and  potential  difference  between  two  cross- 
sections.  They  were  mounted  in  a  tube  of  sodium-potassium  alloy  but 
the  data  was  inconsistent  and  on  removii^  the  junctions  from  the  tube 
and  attempting  to  check  th«r  calibration,  it  was  found  that  two  of  the 
three  calibration  curves  had  shifted  by  an  amount  equivalent  to  more 
than  one  tenth  of  a  degree. 

So  it  was  considered  necessary  to  solder  the  wires  together.  The 
method  which  finally  succeeded  was  as  foUows.  Neariy  equal  weights 
of  copper  and  silver  were  melted  together  with  a  small  blast  flame.  A 
junction  formed  by  two  or  three  turns  of  the  copper  wire  around  the 
constantan,  was  moistened  and  covered  with  powdered  borax.  Then, 
at  a  time  when  the  temperature  of  the  silver-copper  alloy  was  just  above 
the  meltii^  point,  the  junction  was  dipped  beneath  the  surface  of  the 
globule  and  quickly  removed. 

Junctions  could  be  soldered  in  this  way  without  any  injury  to  the 
delicate  wires.  Such  junctions,  therefore,  were  used  in  the  last  three 
tubes  experimented  upon, — the  three  for  which  the  data  are  given  in  this 
paper.    The  ice  junctions  were  soldered  with  ordinary  soft-sender. 

For  the  alloy  tube  and  the  potassium  tube,  copper  wire  o.is  mm.  in 
diameter  was  used.  However,  it  was  found  to  be  almost  impossible 
to  go  through  the  long  process  of  calibrating  the  thermo-couples,  mount- 
ing them  into  the  tube,  filling  the  tube,  and  finally  mounting  the  tube 
between  the  water-baths,  without  breaking  one  of  these  frail  wires  at 
some  point  where  it  could  not  be  soldered, — thus  involving  the  loss  of  the 
thermo-couple  and  several  days'  work.  Consequently,  somewhat  larger 
copper  wires  were  used  in  the  sodium  tube.  In  this  case  the  diameter 
of  the  wire  was  0.16  mm.     It  can  be  shown,  however,  that  the  error  due 
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to  the  conductivity  of  this  wire  was  n^ligible  for  the  conditioos  under 
which  it  was  used.  For  all  three  of  the  tubes  the  constanXan  wire  used 
had  a  diameter  of  0.18  mm. 

Platinum-constantan  thermcxouples  were  used  in  the  lead  rod  be- 
cause, at  that  time,  it  was  thought  platinum  wire.would  be  used  in  the 
case  of  the  alkali  metals  «nce  it  could  be  sealed  into  the  glass,  but  the 
[dan  proved  impracticable. 

CaUbraUon  of  Ike  Thermo-couples. — The  thermo-junctions  and  ther- 
mometer were  mounted  within  a  lai^  Dewar  fladc  which  contained  also 
a  rotary  stirrer.  For  the  lower  temperatures  salt  and  ice  were  used  to 
keep  the  temperature  from  rising,  while  for  the  higher  temperatures 
steam  was  introduced  slowly  through  a  small  tube  near  the  wall  of  the 
flask  at  a  point  diametrically  opposite  the  posititn  of  the  thenno-junctiona 
and  thermometer.  The  temperature  in  this  way  could  be  held  very 
steady  by  regulating  the  gas  pressure  of  the  three  Bunsen  flames  which 
heated  the  boiler.    The  rotary  stirrer  was  run  by  a  small  motor. 

For  the  first  few  calibration  curves  a  cathetometer  was  used  to  read 
the  thermometer  scale.  This,  of  course,  was  a  most  accurate  method, 
but  it  involved  the  difficulty  of  holding  the  temperatures  constant  for 
several  minutes  at  a  time,  wnce  the  vernier  had  to  be  adjusted  and  read 
both  before  and  after  balancing  the  potentiometer  for  direct  and  reversed 
currents.  Consequently,  it  was  decided  to  try  a  direct-reading  eye-piece 
attached  to  the  stem  of  the  thermometer.  By  this  method  the  data  for 
a  point  on  the  calibration  curve  could  be  obtained  so  much  more  quickly 
that  the  loss  in  accuracy  of  the  scale  reading  was  almost  compensated  by 
the  gain  in  time  and  consequent  smaller  variation  in  the  temperature. 
Readings  were  taken  at  intervals  of  about  one  or  two  tenths  of  a  degree 
over  the  particular  range  where  the  curves  were  to  be  used  and,  when  the 
points  were  plotted,  there  was  no  doubt  about  the  proper  portion  of  the 
line. 

The  curves  obtained  in  this  way  were  reliable  to  about  three  or  four 
thousandths  <A  a  degree,  for  the  measurement  of  temperature  differences; 
and,  ^nce  this  was  as  high  a  degree  of  accuracy  as  was  required  in  the 
calibration,  the  use  of  the  cathetometer  was 
abandoned  in  favor  of  the  quicker  and  less  la-       11  (         q       f^ 
borious  procedure.  — 11— 1 E « 

Prepafation  of  the  Tubes.— The  kind  of  tube 
used  to  contein  the  alkali  metals  is  shown  in  ^'*s-  8. 

Fig.  8.    The  ride  tubes  A ,  B  and  C,  through  which 

the  thermo-junctions  were  introduced,  were  about  2  nun.  in  diameter 
and  10  cm.  apart.    They  were  sealed  on  in  such  a  way  as  to  change  the 
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cross  section  of  the  main  tube  as  little  as  possible.  The  fillii^  tube  D 
was  always  placed  at  least  4  cm.  from  C.  The  diameters  of  the  tubes 
are  given  in  the  data  tables.  The  entire  length  in  each  case  was  about 
30  era. 

Con^derable  difficulty  was  met  in  devising  a  method  of  sealing  in 
the  thermo-junctions  so  that  a  vacuum  could  be  maintained  at  tempera- 
tures above  the  melting  point  of  sealing  wax.  It  was  finally  accom- 
plished in  the  following  way.  The  two  wires  of  the  junctions,  one  of 
which  in  each  case  was  contained  in  a  minute,  slightly  funnel-shaped 
glass  tube  for  insulation  purposes,  were  first  sealed  into  the  tube  by  means 
of  "Quixo  Caementium."  This  is  a  mineral  cement,  a  commercial 
article,  which  was  purchased  from  one  of  the  local  dealers.  It  dries  very 
hard  but  it  is  somewhat  porous  and  will  hold  a  vacuum  only  a  short  time. 
Consequently,  after  the  caementium  had  dried  it  was  covered  over  with 
a  layer  of  sealing  wax.  A  kind  called  De  Khotinaky  cement  was  used 
because  it  has  a  higher  melting  point  than  the  red,  "Bank  of  En^and" 
wax.  The  caementium  held  the  thermo-juncttons  rigidly  in  their  posi- 
tions and  when  the  tube  was  heated  the  air  pressure  could  not  force 
the  soft  wax  into  the  tube. 

After  grinding  the  ends  of  the  tube  they  were  fitted  into  circular  grooves 
in  the  copper  end-disks,  about  1.5  mm.  deep.  These  joints  were  filled 
with  litharge  (PbO)  mixed  in  boiled  linseed  oil,  and  baked  for  several 
hours  at  a  temperature  of  about  100°  C,  When  thoroughly  dry  and  solid 
they  were  covered  with  a  thick  layer  of  the  Khotinsky  sealing  wax. 
The  reason  for  using  litharge  in  place  of  caementium,  for  sealing  on  the 
end  discs,  was  the  fact  that  it  does  not  dissolve  in  water, — thus  redudi^ 
the  fire-risk  in  case  of  accident. 

Before  the  end  discs  were  sealed  on,  an  accurate  scale  was  introduced 
within  the  tube  and  the  thermo-junctions  bent  into  positions  which  spaced 
them  exactly  10  cm.  apart.     They  extended  about  3  mm.  into  the  tube. 

The  sodium  and  potassium  tubes  were  prepared  as  described  above. 
Sealing  wax  alone,  however,  was  used  in  the  case  of  the  sodium-potassium 
alloy  and  for  this  reason  no  data  could  be  taken  with  this  tube  for  tem- 
peratures above  45°. 

FHUng  the  Tubes. — ^The  method  of  filling  the  tubes  is  illustrated  in  Fig. 
9.  The  sodium  or  potassium  was  introduced  into  the  bulb  D  through  an 
opening  at  G.  The  tube  was  then  sealed  at  G  and  the  Gaede  pump 
started.  After  meltii^  the  metal,  it  was  kept  hot  for  an  hour  or  more 
during  the  exhaustion,  in  order  to  drive  off  all  traces  of  the  oil.  When 
the  crust  finally  appeared  dry  and  black,  and  the  discharge  tube  f  showed 
only  the  presence  of  the  alkali  vapor,  the  system  was  sealed  off  at  E. 
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Then,  holding  AB  in  a  horizontal  poution  and  keeping  it  hot  with  Bunsen 
flames,  the  tube  D  was  tilted  and  the  bright,  pure  metal  poured  through 
a  system  of  small  funnels  at  C  which  held  bade  all  of  the  dross. 

It  was  a  very  difficult  matter  to  fill  a  tube  because  of  the  formation  of 
bubbles  due  to  vapor  pressure,  and  further,  because  of  the  <x)ntraction 
of  the  metal  on  cooling.  The  only 
way  it  could  be  done  at  all  was  to 
pour  in  metal  a  tittle  at  a  time  and 
allow  it  to  solidify  before  adding 
any  more.  Thus  it  was  necessary 
to  melt  the  successive  portions  to- 
gether  to  avoid  layers  and  this  local 
heating  often  involved  the  loss  of 
a  tube,  either  by  breaking  the  glass 
or  by  letting  the  ^r  in  through  the 
softened  cement  at  one  of  the  thermo-j  unctions.  When  filled,  the  tube 
AB  was  sealed  off  at  a  stricture  H  and  it  was  then  ready  to  be  mounted 
between  the  water-baths. 

Purity  of  the  Metals. — ^The  sodium  and  potasuum  were  purchased  from 
Eimer  and  Amend  and,  in  a  personal  letter  from  the  company,  were 
claimed  to  be  "  very  pure."  I  am  indebted  to  Dr.  G.  McP.  Smith,  of  the 
chemistry  departrftent,  for  the  following  test  on  the  purity  of  these  metala. 


Fig.  9. 


I.  Free  from  Iron  (KCNS  tot). 

3.  Ftee  from  caldum  ((NH.)iCiOi  tot). 

3.  n«e  from  mtgutdam  (NatHPOt  test). 

4.  Free  from  mluminum  (no  ppt.  with  NHiOH-NftiHPOi  tcM). 
J.  Vrve  from  potassium  (HiPtCli  test). 

Spectroacoplc  test  also  oesatire,  but  condition*  were  not  moat  favonble  al 


I.  Free  from  Iron. 
a.  Free  from  caldum. 

3.  Free  from  magnesium. 

4.  Free  from  aluminum. 

5.  Contains  enough  lodlum  t 


'  giv«  a  test  with  the  ipectroacope.     Undoubtedly  onljr  a 


Method  of  Control  of  Temperatures. — ^The  apparatus  for  controlling 
temperatures  has  been  described  in  Chapter  III.  For  the  determinations 
above  room  temperature,  the  temperatures  were  adjusted  and  held 
constant  by  means  of  Bunsen  flames,  one  under  each  end-bath  £md  three 
beneath  the  lat^e  reservoir  from  which  the  water  was  pumped  through 
the  brass  jacket.  For  the  lower  temperatures  the  turbine  was  discarded 
and  cold  water  was  run  through  the  jacket  by  gravity  pressure,  the  rate 


Digitized  by  Google 


232 


/.  W.  BORN  BECK. 


of  flow  being  regulated  by  a  small  globe  valve.  In  these  detenninationfl 
the  temperatures  of  the  end  baths  were  watched  constantly  by  a  student 
helper  and  were  nuuntained  by  the  continuous  addition  of  snow  and  salt. 
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Fig.  10. 

Regulation  of  the  Heating  Current. — As  already  mentioned,  the  currents 
from  the  large  storage  battery  were  remarkably  constant.  The  slight 
regulation  necessary  was  accomplished  with  a  mercury  rheostat.  The 
U-tube,  which  was  made  of  glass  tubing  2.6  cm.  in  diameter,  stood  So  cm. 
high.  Continuous  adjustments  could  be  made  by  varying  the  position 
of  the  copper-plated  iron  rods  which  dipped  into  the  mercury. 

V.  Data  Tables  and  Curves. 
In  order  to  cut  down  the  length  of  the  paper  the  original  data  will  be 
given  only  for  a  few  typical  runs.    They  will  serve  to  illustrate  the  method 


Fig.  11. 
of  taking  observations  and  to  indicate  the  degree  of  conustency  obtained 
at  different  temperatures.    In  the  tables  which  follow  these  "specimen 
runs,"  merely  the  final  results  are  recorded. 
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Meaning  of  Symbob. — In  all  the  data  tables  the  following  notation 
is  used: 

Tu  u  =  balance-reu8tanc«  on  poteotiometer  dial  for  tbemuxouples 
No.  1  and  No.  3. 
ft  =  balance-refflstanra  for  thermo-couple  No.  2  at  middle  of  tube 

(or  tod), 
r'  —  balance-resistance  when  readii^  P.D. 
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Fig.  12. 

«■■  «!>«)■>  temperatures  corresponding  to  resistances  ri,  n,  rt. 
Ho  ~  temperature  of  the  brass  jacket. 
«'  -  M(«i  +  «»)■ 

'b  ~  ^(w'  +  «!)■=  temperature  for  which  the  values  of  afX,  p  and 
X  are  taken  in  plotting  curves. 
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Fig.  13. 

=  one'half  of  the  P.D.  between  the  two  points  which  were  held 
at  the  same  temperature. 
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I  ■=  value  of  heating  current  in  amperes. 
A  =  «,  -  »'.  U  =  &-tN. 

N  =  uo  —  th  +  H^-  «  =  ^/■^  when  7  =  0. 

The  letters  D  and  R  in  the  tables  represent  direct  and  reversed  currents 
through  the  potentiometer  to  eliminate  contact  potential  differences. 

No.  2606  and  No.  2607  refer  to  the  two  Beckmann  thermometers  which 
gave  the  temperature  of  the  brass  jacket. 

Table  I. 

ConsUnUfor  the  Thru  Ttibts. 


Sotaunc. 

laild*  Oluoaur. 

Am  a. 

BfltctlnLnctli/. 

1.562  cm. 
1.620  cm. 
1.234  cm. 

1.916 
2.061 
1.196 

20  cm. 

-  -p  -  -OSSSR  - 


— — ,  tor  aodium-potMNum  alloy. 

for  potasaium  tube. 
for  Midium  tube. 


Table  II. 

Carrtaion  Factor  for  PotasHum  Ttibt  (JSptdman  Run). 


ri 

r^ 

r, 

<«,No.ui. 

Mtno.«t. 

D 

187.8 

187.7 

197.2 

2.20 

1.36 

R 

186.8 

186.8 

196.2 

D 

187.5 

187.8 

197.0 

2.18 

1.35 

R 

186.6 

186.9 

196.2 

D 

187.5 

187.8 

197.0 

2.19 

1.30 

R 

186.7 

186.9 

196.3 

D 

187.5 

187.6 

196.9 

2.20 

1.27 

R 

186.7 

186.7 

196.2 

D 
R 

187.1 
186.4 

187.8 
186.9 

196.9 
196.1 

2.23 

1.24 

L«ft  bath  held  at  18.4*;  right  iMtli  at  18.3°. 
Mean  temperature  oa  No.  iii  —  z.ao  +  33-o6 
Mean  temperature  on  No.  an  —  1.30  +  32.91 
«♦  -  MC3S.26  +  34-ai)  -  34-74°  C. 
Mean  n  -  187-1  ohms;  m  -  30.015°- 
Mean  n  -  187.3  obmt;  w  -  ip.965°. 
Mean  n  —  196.6  obma;  ui  ~  30.{)35*. 
4  -  ao-gas  -  iff.pSS  -  0.930°. 
W  -  34-74  -  ao.9as  +0-ISS  -  l3-07°. 


.  °-93° 
13-97 


-.066. 
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Sodium-Fetctsiiim  AUoy  oi  5.7°  {Sptdmtn  Run). 

Halo  Camnt  IHrMt. 
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35.9 


70.1 


4.05 
4.10 
3.95 
3.95 
3.94 
3.90 
3.95 
3.93 
3.98 
3.93 


4.30 
4.25 
4.15 
4.20 
4.20 
4.15 
4.15 
4.15 
4.17 
4.15 


Left  batb  at  —  0.4*1  ^)>t  t»tl>  at  <>'■ 

6  volta,  6  seta  Id  pfttttllel.    /  -  41, a  unp. 

Mean  n  —  35.4  otuna;  oi  -  4.03°.    Mom  reading  on  No.  3606  ■ 

Mou)  n  —  36.6  otuna;  m  —  4.04°.    Mean  reading  on  No.  3607  ■ 

Mean  ri  —  69.3  ohnu;  mi  —  7.43'. 

Mean  temp,  on  No.  1606  v  3.97  +  3.41  m  6.38°  C.  )  f,j,  »  , 

Mean  temp,  on  No.  3607  —  4.30  +  3.76  —  6.96°  C.  ) 

Mean  r*  -  3.660  ohm*.    aV  -  3660  x  4  X  lo"'  -  .01464  volt. 


A  -  7.43  -  4-03  -  3-39.    tm  -  H(4.03  +  7-4»)  -  5-7*. 
N-w—  ni  +  Mi"  6.67  -  743  +  0-37  -  -  0.18. 
1/  -  A  -  or  -  3.39  +  o.)3  X  0.18  -  3-43- 
#     -3t/  6.861  .      „      . 

x-'Ti-cSSSi -"•■■>*"'■ 

.0958  X  .01464  „       _    . 

fi  "  '^^ ^^— =  -  34040  X  10^  ohm. 

,0S47  «!■ 


4.19  X  138.1  X  3404 

Table  IV. 

Sodium  al  Room  Ttmptrativt  (Sp€cimi 


MalaCnrraBtDltKt. 

Mala  Camat  KnmU. 

n 

n 

r. 

^        |«,No.iM. 

-,N«.*^. 

1 

r. 

r. 

^ 

D 
R 

D 
R 
D 
R 
D 
R 

187.6 
187.0 
188.3 
187.3 
188.7 
187.7 
188.2 
187.4 

190.9 
190.3 
190.S 
189.6 
190.9 
190.3 
190.9 
190.2 

218.0 
217.4 
218.0 
217.2 
218.6 
217.6 
218.5 
217.5 

3096 
3093 
3093 
3093 

5.40 
5.43 
5.48 
5.53 

5.48 
5.52 
5.56 
5.61 

187.6 
188.7 
187.7 
189.5 
188.2 
189.3 
188.1 
189.4 

188.9 
188.0 
188.9 
187.9 
189.0 
188.2 
188.9 
188.1 

217.1 
217.9 
217.3 
218.2 
217.6 
218.4 
217.4 
218.2 

3099 
3098 
3098 
3098 
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M«an  n  -  iSS.a;  m  -  ao.ot*.     Temp,  on  No.  a4a6  - 

Mean  n  -  189.5;  "»  -  ao-f'-     Temp,  on  No.  J607  - 

Mean  n  —  317.8;  m  -  33.01.    tit  -  33.S7"  C. 

Mean  r*  —  3.096  iduns.    aK  *  3,096  X  4  X  io~*  v  .01338  vOH. 

A  -  3.91.    N  ■  1.0S.     U  -  a.8s'.    I_  -  31.5'. 

Table  V. 

PetcsHum  ot  ST.8*  (5^(JmM  Run). 


HaiB  Comni  IM»ct. 

Halo  CarraM  RcvarMd. 

r- 

1 

r. 

^i 

.^No.«6«6. 

-tNo.A>7 

n 

r. 

rt 

r' 

D 

3075 

560.6 

554.4 

584.5 

3.38 

2.75 

557.6 

558.4 

584.4 

3070 

R 

559.0 

556.2 

582.6 

3.37 

2.76 

5S6.0 

559.8 

583.0 

D 

3071 

556.0 

553.5 

582.8 

3.38 

2.76 

555.7 

557.9 

583.6 

3070 

R 

557.8 

S55.2 

581. 0 

3.42 

2.77 

553.8 

559.6 

582.0 

D 

3078 

557.4 

5S4.9 

584.1 

3.43 

2.78 

$$1.7 

557.6 

584.3 

3069 

R 

558.9 

556.7 

582.3 

3.48 

2.81 

555.4 

559.7 

582.4 

D 

3078 

553.6 

555.9 

584.3 

3.42 

2.83 

i5.58.1 

555..1 

584.3 

3079 

R 

555.3 

560.6 

582.5 

3.35 

2.81 

5.55.6 

557.1 

582.4 

D 

3074 

554.4 

555.9 

584.4 

3.27 

2.73 

557.8 

555.2 

584.0 

3074 

R 

556.2 

558.6 

'  582.6 

3.25 

2.70 

555.4 

557.0 

582.2 

.□36  -  153,0  amp. 


16  volta,  8  sets  In  panJlel.     I  —  148.1  X 

Left  batb  at  510°.    Rigbt  bath  at  513°. 

Mean  n  -  556-6;  m  -  56.635*.     Temp,  on  No.  3606  -  3.38  +  54.98  -  58.36. 

M«an  n  -  557.4;  m  -  56.630'.    Temp,  on  No.  3607  -  3.77  +  55.13  -  57.90. 

Mean  ft  -  583.3;  m  -  59.070°.    m  -  58.13'- 

Mean  K  —  3074  ohms.    aV  »  .013396  volt. 


A  -  3_443".    N  -  - 


0.S3.     U  -  3.478''.    1.  -  S7.8". 

Table  VI. 

Vattiti  0/  CoTTtctUm  FacUr  ■. 


Lead  rod . . 

Na-K  alloy 

PotaBsium . 
Sodium . . . 


21.7 
21.19 
24.46 
34.74 
41.80 


16.  7 
15.40 
19.86 
20,925 
18.66 


5.38 
6.01 
4.77 
13.970 
'  23.37 


0.171 
0.224 
0.214 
0.066 
0.059 


Table  VII. 

ComfiUU  RttM)  fix' Ltad  {CommtrHaUy  Purt). 

Ma 

-. 

"1 

tm. 

i^X 

A 

^ 

^ 

Amp. 

-S^x 

2 
3 

21.64 
21.65 
21.71 

21.94 
23.60 
23.28 

20.6 
21.7 
21.3 

1253 
1566 
1588 

2.671 
3.838 
4.046 

0.14 
-1.32 
-0.90 

2.647 
4.062 
4,199 

51.0 
63.3 
64.3 

134.6 
132J 
133.2 

Remorli. — For  run  No.  3,  the  lead  rod  was  inside  of  a  close-fitting  gl 
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CompItU  SttnUtfor  SoJium-PoHuiiKm  Alloy. 


■t 

A 

^ 

u 

.» 

J, 

t 

An[>. 

-8.30 

-8.28 

-10.6 

1511 

4.56 

+0.74 

4.40 

66.0 

154.4 

2193 

.0705 

-9.« 

-6.37 

-  8.? 

1682 

5.00 

-2.2t 

5.48 

72.9 

155.2 

2210 

.0696 

+6.6; 

7.42 

5.i 

1464 

3.39 

-O.K 

3.43 

41.2 

128.1 

3404 

.0547 

ti.66 

8.07 

6.2 

1S88 

3.83 

-0.77 

4.00 

44.6 

127.0 

3411 

.0551 

5 

22.4( 

23.936 

22.( 

1684 

3.931 

-0.8( 

4.122 

45.9 

116.3 

3515 

.0584 

22.54 

24.075 

22.1 

1702 

4.003 

-o.« 

4.190 

46.2 

115.9 

3527 

.0584 

22.66 

22.395 

20.: 

1500 

.1.4.'i3 

+0.84 

.1.271 

40.9 

116.2 

.1513 

.0585 

43.90 

44.54 

42.9 

1550 

3.17 

-0.11 

3.19 

40.8 

106.1 

3640 

.0619 

Table  IX. 

CompUU  Rtnllafa'  PolvHitm. 


'" 

«f 

, 

»w 

rOhm 

J, 

Ho. 

"" 

■ 

>ii-*X 

Amp. 

iff-*X  P 

5.91 

5.790 

5.0 

881 

1.557 

+0.38 

1.531 

141.9 

158.2 

649.2 

0.232 

6.SR 

5.8I( 

5.0 

862 

1.525 

+1.02 

1.454 

137.9 

156.5 

644.2 

0.237 

21.16 

21.67( 

20.7 

1035 

1.965 

-0.18 

1.978 

151.6 

147.7 

703.5 

0.230 

21.22 

2IJ9( 

20.6 

1030 

1.920 

-0,05 

1.923 

151.2 

145.1 

701.5 

0.234 

21.45 

21.675 

20.9 

932 

1.603 

+0.04 

1.600 

137.6 

147.4 

698.0 

0.232 

58.13 

59.07( 

57.8 

1230 

2.443 

-0.53 

2.478 

152.0 

131.1 

833.8 

0.218 

57.91 

58.510 

57.4 

1184 

2.312 

-0.21 

2.326 

147.3 

132.4 

83S.3 

0.216 

Table  X. 

CamfUU  lUtitllsfor  Sediwm. 


'JS. 

•4 

■1 

tm 

ay 
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VI.  Discussion  of  Results. 
In  using  the  ocperimental  method  of  obtaining  the  value  of  the  correc- 
tion factor  <  for  the  alkali  metals,  it  was  necessary  to  assume  that  for 
the  steady  state  the  temperatures  at  cxnreBponding:  points  on  the  inside 
and  outside  surfaces  of  the  glass  tube  were  equal;  «.  e.,  that  the  tempera- 
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ture  gradient  through  the  walls  of  the  glass  tube  could  be  neglected  in 
comparison  with  the  drop  in  temperature  through  the  cotton  wool.  One 
reason  for  making  the  runs  with  the  lead  rod  was  to  find  out  if  this  as- 
sumption  would  introduce  an  error  large  enough  to  be  detected  Table 
VII.  answers  the  question.  The  fact  that  the  value  of  ff/X  for  run  No.  3 
falls  between  those  for  runs  No.  i  and  No.  2,  proves  that  the  effect  of 
surrounding  the  rod  with  the  glass  was  smaller  than  other  experimental 
errors.  Lead  was  chosen  for  this  experiment  because  of  its  low  heat 
conductivity.  The  gUiss  wall  would  have  a  still  smaller  effect  in  case  of 
the  sodium  and  potassium. 

Another  reason  for  taking  the  data  for  lead  was  to  have  a  means  of 
comparing  my  results  with  those  of  Jaeger  and  Diesselhorst.  In  this 
connection  it  should  be  noted  that  my  average  value  of  v/X  for  lead  at 
31.5"  is  133-4  X  10*  while  that  of  Jaeger  and  Diesselhorst  for  pure  lead, 
when  reduced  to  21.5°,  is  138.3  X  lo*.  This  was  considered  a  good  check 
because  the  lead  I  used  was  only  commercially  pure.  The  presence  of 
impurities  always  reduces  the  value  of  v/X. 

As  to  accuracy  of  results  it  should  be  pointed  out  that  for  each  run 
steady  conditions  were  held  for  one  to  two  hours  and  readings  were  taken 
continually  during  this  time.  Thus  each  value  of  ui,  uj  and  Ut,  used  in 
the  calculations,  depends  upon  sixteen  to  twenty  readings  on  the  poten- 
tiometer, while  the  values  of  V  are  computed  from  the  mean  of  eight  to 
ten  readings.  The  current  could  be  maintained  much  more  nearly 
constant  than  could  the  temperatures  and  therefore  the  potential  dif- 
ference did  not  need  to  be  read  so  often.  Moreover,  with  one  or  two 
exceptions,  every  point  on  the  curves  represents  the  mean  result  of  two  or 
three  independent  runs. 

The  curves  for  \/o  bend  more  than  was  expected.  It  would  be  interest- 
ing to  know  whether  they  become  straight  lines  at  higher  temperatures. 
Judging  from  the  behavior  of  other  metals,  this  should  be  expected. 
Moreover,  when  \}<tT  is  plotted  against  T,  these  curves  slope  downward 
slightly  with  increasing  temperature  while  Lees's  curves  for  most  of  the 
pure  meteds  bend  slightly  upward  at  ordinary  temperatures.  Thus 
sodium  and  potassium,  like  nickel,  are  irregular  in  this  respect.  It 
should  be  noted  that  the  heat  conductivities  of  sodium  and  potassium 
decrease  slightly  with  increasing  temperature,  while  the  heat  conductivity 
of  the  alloy  increases  with  the  temperature.  This  is  the  law  followed  by 
most  metals  and  their  alloys.  The  temperature  coefficients  of  sodium 
and  potassium  are  extremely  high. 

The  mean  values  of  the  specific  resistance  of  sodium  and  potassium  at 
room  temperature  and  the  temperature  coefficients  are  given  below  for 
convenience  of  comparison. 
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Bpec.  res.  of  Na  at  31.7°  C.  —  5073  X  io~*  ohm/cm.*, 
•pec  rei.  of  K   at  10.7*  C.  -  7010  X  ii>~* 
t«mp.  coef.  of  Na  —  .00S13.  nrtgt  6°  to  88° 

temp.  coef.  of  K  —  .oossa,  range  5"  to  58° 

Northrap's  Rainlti. 

■pec.  les.  of  Na  at  ao*  C.  -  4873  X  io~* 
spec.  ret.  of  K  at  10'  C.  «  7116  X  io~* 
temp.  coef.  of  Na  —  .0053,  range  ao°  to  80° 

temp.  coef.  of  K  —  .oost>  rtnie  ao'  to  50° 

If  ■nhlna'a  RMBlt. 
•pec.  res.  of  Na  at  31.7°  C.  —  4464  X  io~* 

BctdIdI'i  RMvhi. 
■pec.  res.  of  Na  at  0.0'  -  473O  X  10"» 

■pec.  res.  of  K  at  0.0'  -  O644  X  lo~* 

Bernini's  results,  when  reduced  to  room  temperature,  are  found  to  be 
higher  than  mine  and  Northrup's,  while  Matthiessen's  value  is  seen  to 
be  lower.  It  is  thought  that  my  results  agn&  with  Northrup's  as  closely 
as  could  be  expected,  considering  the  wide  difference  in  method.  Indeed 
his  method  is  the  more  accurate  one  for  electrical  conductivity.  Conse- 
quently, the  results  of  this  investigation  may  be  said  to  confirm  North- 
rup's work  on  the  resistance  of  sodium  and  potassium.  The  slightly 
smaller  values  of  the  temperature  coefficients  suggest  that  the  metals 
used  in  this  work  may  not  have  been  quite  as  pure  as  those  Northrup 
used. 

Summary. 

1.  The  electrical  conductivities  of  sodium,  potassium  and  sodium- 
potassium  alloy  have  been  measured  and  the  results  are  in  agreement 
with  the  values  obtained  by  Northrup. 

2.  The  heat  conductivities  of  the  alkali  met£il3  have  been  measured  for 
the  first  time,  as  far  as  known. 

3.  The  temperature  coefficients  of  these  conductivities  have  been 
determined. 

4.  The  resistance-temperature  coefficients  of  potassium  and  sodium 
are  extremely  high. 

5.  The  values  of  the  ratio  <r/X  for  the  alkali  metals  are  extremely  high. 
'  6.  The  alkali  metals  behave  in  no  exceptional  way  as  regards  the 
absolute  values  of  the  thermal  and  electrical  conductivities  at  ordinary 
temperatures. 

7.  As  a  check  on  the  method,  the  ratio  ^/X  was  determined  for  lead 
at  room  temperature  and  the  value  agrees  with  the  one  obtained  by 
Jaeger  and  Diesselhorst. 

8.  A  modification  of  the  electron  theory  of  metedlic  conduction  has 
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been  suggested  which  accounts  for  the  variation  of  the  specific  heat  with 
the  temperature,  and  also  explains  the  curves  which  Lees  obtained  for 
the  ratio  \jijT  for  the  pure  metals  at  low  temperatures. 

In  conclusion,  I  wish  to  acknowledge  my  indebtedness  to  Professor 
A.  P.  Carman,  who  has  followed  this  work  with  continued  interest, 
placing  at  my  disposal  all  the  facilities  necessary  for  the  investigatioo ; 
and  to  Professor  Jakob  Kunz,  under  whose  direction  the  work  was  done, 
for  many  good  suggestions  and  for  invaluable  assistance  in  filling  the 
tubes.    I  also  wish  to  thank  Dr.  G.  McP.  Smith,  of  the  chemistry 
department,  who  analyzed  the  metals  used  in  this  investigation. 
Laboratory  of  Physics, 
Univbrsity  cw  Illinois. 
May,  1913. 

Note. — Since  this  paper  was  written,  I  note  in  the  April  number  of 
Science  Abstracts,  which  has  just  come,  that  W.  Wien  has  published  an 
article  on  "Electric  Conduction  in  Metals"  based  upon  the  "quanta 
hypothesis."  His  theory  may  be  similar  to  the  modification  suggested 
in  this  paper.    The  article  referred  to  is  not  accessible  in  our  library. 

J.  W.  H. 
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COMPARATIVE  STUDIES  OF  MAGNETIC  PHENOMENA.     V. 

Change  in  Electrical  Resistance  Due  to  the  Orientation  of 
Oblate  Spheroids  within  the  Conductor.* 

By  S.  R.  WiLLtAua. 

Introductory. 

THE  change  in  electrical  conductivity  of  ferromagnetic  metals  when 
subjected  to  a  magnetic  field  was  first  observed  in  iron  and  nickel 
by  Lord  Kelvin*  in  1856.  His  results  showed  that  in  both  metals  the 
electrical  resistance  was  increased  in  a  direction  parallel  to  the  magnetic 
lines  of  force  and  decreased  in  a  direction  normal.  The  qualitative 
results  obtained  by  Lord  Kelvin  were  for  the  most  part  confirmed  by 
Adams,*  deLucchi,*  Beetz,*  Tomlinson*  and  GoHhammer,'  Beetz,  in 
workii^  with  iron  wires,  failed  to  find  any  change  in  resistance  in  trans- 
verse  fields.  Tomlinson  carried  out  some  very  extensive  studies  on  the 
physical  properties  of  certain  metals  and  among  them  the  alteration  of 
electrical  conductivity  due  to  magnetic  fields.  His  results  are  summed 
up  in  the  following:  "The  electrical  resistance  of  annealed  iron  and  an- 
nealed steel,  very  hard  steel,  nickel,  cobalt,  bismuth  and  zinc  are  all 
increased  by  longitudinal  magnetization."  For  transverse  magnetiza- 
tion experiments  were  carried  out  in  which  the  wires  were  circularly 
magnetized  and  a  decrease  in  resistance  was  found.  Goldhammer,  from 
considerations  of  the  Hall  effect,  was  led  to  believe  that  there  must  be  a 
chaise  in  resistance  in  all  substances  and  greatest  in  those  showii^  the 
lai^est  Hall  effect,  as  for  instance  in  Te,  Bi,  Sb,  Ni,  Fe  and  Co.  He  did 
find  a  change  in  resistance  in  all  of  these  but  in  Ag,  Au  and  brass  the  effect 
was  not  large  enough  to  measure  with  certainty.  At  the  time  of  Lord 
Kelvin's  experiments  many  expressed  the  view  that  the  change  in  re- 
sistance was  due  to  the  mechanical  deformations  of  the  substances  used. 
Goldhammer  raised  objections  to  this  viewpoint  and  to  obviate  any 

■  Pretented  at  tbe  Cleveland  mMtins  i>f  tbe  Pbyalc*]  Sodety.  Dec.  30- 

■  Math,  and  Riya.  Papen,  Vol.  a.  p.  307- 

•  PhU.  Mac-  (s),  p-  IS3. 1876- 

•  Bdbl.,  7.  p.  314. 1883- 

•  Fogg.  Annal.,  taS,  p.  loa,  188O. 

•  Phil.  Trans.,  1883,  p.  I. 

'  Wied.  Annal.,  Vol.  31,  p.  360,  1887. 
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deformations  of  the  conductor,  used  his  metals  in  thin  deposits  on  glass. 
Three  diamagnetic  and  three  ferromagnetic  metals  were  investigated, 
viz.,  Bi,  Te,  Sb  and  Ni,  Co  and  Fe  respectively.  These  metal  films 
deposited  on  glass  had  two  points  of  contact  diametrically  opposite  and 
the  plate  was  so  arranged  that  it  could  be  rotated  about  an  axis  normal 
to  the  plane  of  the  glass.  In  this  way  the  same  points  of  contact  could 
be  used,  but  the  direction  of  the  flow  of  the  current  o^uld  be  varied  with 
respect  to  that  of  the  magnetic  fleld  imposed  upon  it.  His  results  are 
thus  summed  up:  "Es  nimmt  also  bei  alien  Metallen  der  Widerstand  in 
der  Richtung  der  Kraft  linien  zu;  in  der  dazu  senkrechten  Richtung 
nimmt  er  nur  in  diamagnetischen  Metallen  zu;  in  magnetischen  nimmt 
er  ab."  The  hypothesis  that  change  in  resist2mce  was  due  to  deforma- 
tions of  the  conductor,  it  seems,  Goldhammer  has  pretty  thoroughly 
disproved.  Nickel,  for  instance,  shortens  its  length  for  all  field  strengths 
applied  longitudinally.  Its  resistance,  according  to  Ohm's  law,  should 
decrease  but  instead  we  find  it  increasing  when  subjected  to  a  longitudinal 
magnetic  field. 

Tomlinson  concluded  his  study  by  saying  that  "the  increase  of  re^st- 
ance  which  is  produced  by  magnetization  is  probably  not  merely  due 
to  the  rotation  of  the  molecules  of  the  magnetized  substance  as  mole- 
cules, but  to  the  electrical  currents  which,  accordii^  to  Ampere's  hypothe- 
cs, are  constantly  circulating  around  the  molecules." 

In  1900  Sir  J.  J,  Thomson'  explained  this  phenomenon  on  the  cor- 
puscular theory  of  electric  conduction  in  metals.  According  to  his  theory, 
"the  electric  currents  in  the  metal  are  carried  by  negatively  charged 
corpuscles-  moving  with  a  definite  velocity  under  an  applied  E.M.F. 
These  corpuscles  are  supposed  to  act  as  a  perfect  gas;  consequently  they 
have  a  mean  free  path  and  a  mean  velocity  and  exert  a  definite  pressure. 
If  the  corpuscles  are  moving  under  an  electric  force  and  then  a  transverse 
magnetic  force  should  be  applied,  the  particles  will  move  in  cycloids, 
and  the  resistance  will  be  increased.  Similarly  in  a  longitudinal  field 
the  electrons  will  describe  spirals  in  their  motion  and  again  the  resistance 
will  be  increased.  It  is  to  be  noted  that  Van  Everdingen*  arrived  at 
opposite  conclusions  regarding  the  transverse  field  efl^ect  in  a  theoretical 
paper  which  appeared  not  long  after  Thomson's.  At  the  suggestion  of 
Professor  Thomson,  Patterson*  carried  out  a  series  of  observations  on  the 
effect  of  a  magnetic  field  on  the  electrical  conductivity  when  applied 
transversely  to  the  conductor.    His  experiments  were  performed  on  non- 

>  Rapports  preacDtes  au  Coogres  IntematEonal  de  Physique,  3,  p.  13S,  Paris,  1900.  Phil. 
Mag.,  p.  353,  March,  igoa. 

■  Communicatloiis  from  th«  Physical  LaboraUry  of  Leid«D,  No.  7a. 
•  Phil.  Mag.,  p.  643.  June,  190a. 
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magnetic  material  such  as  German  silver,  copper,  cadmium,  zinc,  gold, 
platinum,  tin  and  carbon.  In  all  of  these  conductors  Patterson  found 
that  the  transverse  field  tended  to  increase  the  resistivity  unless  in  some 
metals  which  showed  so  little  change  that  it  was  difficult  to  say  just  what 
did  occur.  Some  of  these  same  metal  wires  were  also  tested  for  the 
effect  of  a  magnetic  field  applied  in  the  direction  in  which  the  resistance 
was  measured  and  here  an  increase  was  also  found.  His  results  are  con- 
firmatory of  Thomson's  theory  so  far  as  non-magnetic  substances  are 
concerned  and  seem  to  be  a  fairly  satisfactory  explanation.  The  theory, 
however,  does  not  fit  the  results  already  cited  for  magnetic  materials. 
Either  the  theory  is  not  the  proper  explanation  or  else  in  the  case  of 
ferromagnetic  conductors  we  have  other  factors  in  addition,  which 
play  important  rdies.  The  latter  seems  plausible,  as  will  be  shown  later, 
and  possibly  Van  Everdingen's  work  may  be  utilized  to  fit  the  case  of 
ferromagnetic  substances. 

Auerbach'  has  pointed  out  that  in  the  Hall  effect  we  have  an  E.M.F. 
developed  normal  to  the  lines  of  flow  when  the  conductor  is  placed  in  a 
magnetic  field  and  which  ought  to  produce  an  apparent  change  in  resist- 
ance. This  is  comparatively  large  in  the  ferromagnetic  metals  and  may 
be  one  of  the  factors  causing  the  difference  in  behavior  of  ferro  and  non- 
magnetic metals  when  placed  in  a  transverse  magnetic  field. 

We  thus  have  many  and  varied  reasons  for  this  change  in  re^tance, 
some  of  which  are  contradictory,  but  many  are  doubtless  present  and 
combine  to  give  us  the  effects  found. 

Recently,  I  pointed  out*  that  the  majority  of  magnetic  phenomena 
could  be  explained  by  assuming  that  the  elementary  magnet  was  an  oblate 
spheroid  about  which  negative  electrons  were  revolving  and  that  the 
orientation  of  such  an  elementary  magnetic  unit  produced  or  at  least 
influenced  the  magnetic  phenomena  which  we  know.  If  a  ferromagnetic 
substance  is  made  up  of  these  oblate  spheroids  for  the  nuclei  of  the  ele- 
mentary magnets  and  the  magnetic  field  gives  them  a  definite  orientation, 
what  will  be  the  effect  on  the  electrical  conductivity  when  the  lines  of 
flow  are  parallel  to  the  equatorial  planes  of  the  spheroids  and  what  will 
be  the  effect  when  the  lines  of  flow  are  normal?  In  the  thought  that 
it  might  throw  some  light  on  this  effect  first  discovered  by  Lord  Kelvin, 
Mr.  Paul  Weeks,  an  advanced  student  in  our  department,  has  carried  out 
the  following  experiments: 

'  Winketmann'a  Handbuch  der  Physik.  p.  4S8.  Vol.  s.  Pt-  a.  tpoB. 

■  Phys.  Rsv.,  abattact.  Feb.,  1911. 
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Mr.  Weeks'  Experiments. 
Wooden  oblate  spheroids,  boiled  in  parafBne,  were  mounted,  four  on  a 
wire,  so  that  the  equatorial  planes  contained  the  wires.  The  major  axes 
were  1.74  cm.  in  length  and  the  minor  axes  0,82  cm.  Sixteen  such  sets 
were  completed  and  mounted  so  that  the  spheroids  could  be  turned  with 
the  wires  as  axes.  There  were  64  spheroids  and  were  grouped  to  form  a 
cube  as  shown  in  Figs,  i  and  2.  Fig.  i  is  a  vertical  cross-section  and 
Fig.  2  is  a  horizontal  cross-section,     These  64  spheroids  were  i^aced 


Fig.  1.  Fig.  2. 

between  two  copper  electrodes,  17X17  cm.  square,  and  the  whole 
inclosed  in  a  paraffined  wooden  box  with  glass  sides,  as  shown  in  Fig^. 
I  and  2.  The  box  was  18  cm.  deep  and  the  horizontal  cross-section, 
17  X  17  cm. 

Ordinary  tap-water  was  poured  into  the  box  until  the  spheroids  and 
electrodes  were  covered.  The  resistance  was  then  measured  by  means  of 
a  Kohlrausch  bridge  when  the  spheroids  were  all  turned  with  equatorial 
planes  normal  to  the  lines  of  flow,  when  parallel  and  for  intermediate 


Fig.  3. 

azimuths  between  o'  and  90°.  The  difference  was  very  marked,  the 
resistance  being  much  greater  when  the  equatorial  planes  were  normal 
than  when  parallel  to  the  direction  of  the  current.  In  Fig.  3  is  shown  the 
way  in  which  the  resistance  varied  as  the  angle  between  the  equatorial 
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planes  and  the  current  were  varied  from  0°  to  90°.  A  similar  experiment 
was  also  tried  with  the  same  sized  spheroids  made  of  type-metal  in  which 
the  spheroids  themselves  were  better  conductors  than  the  tap-water. 
Similar  results  were  obtained  here  as  in  the  case  of  the  non-conducting 
spheroids,  viz.,  an  increased  resistance  when  the  spheroids  were  set  with 
equatorial  planes  normal  to  the  current.  For  the  metal  spheroids  the 
total  resistance  was  less  than  for  the  wooden  ones.  The  results  are  shown 
in  Fig.  4.     Acidifying  the  tap-water  with  HiSO*,  and  increasing  the 


Fig.  4. 

conductivity  flattened  the  curves  for  the  metal  spheroids.  If  the  tap- 
water  had  the  same  conductivity  as  the  spheroids,  orientation  of  the 
spheroids  ought  not  to  change  the  resistance. 

Discussion  of  Results. 
In  the  curves  of  Figs.  3  and  4  it  is  of  interest  to  note  that  they  are 
the  same  type  of  curve  which  one  obtains  when  plotting  the  lengths  of 
the  diameter  of  the  spheroid  about  an  axis  lying  in  the  equatorial  plane 
as  the  diameter  swings  through  90°  or  the  same  type  of  curve  which  one 
obtains  in  plotting  the  area  of  the  projection  of  the  spheroid  on  a  plane 
as  the  spheroid  is  turned  through  90°.  To  put  it  another  way,  if  one  used 
as  radii-vectors  the  values  of  the  resistances  obtained  when  the  spheroids 
were  turned  in  the  different  azimuths,  from  0°  to  360°,  the  curve  traced 
out  by  the  termini  of  the  radii-vectors  would  be  an  ellipse.  Goldhammer' 
plotted  his  results  in  this  way  for  the  different  values  of  the  resistance 
of  a  conductor  when  placed  in  a  magnetic  field  and  also  found  that  an 
ellipse  was  the  figure  obtained  when  a  line  was  drawn  through  the  termini 
of  the  radii-vectors  representing  the  resistances  for  the  different  angles 
between  the  direction  of  the  magnetic  field  and  the  lines  of  flow  of  the 
current. 
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In  a  previous  work'  I  have  shown  that  to  account  for  the  changes  in 
length  of  a  ferromagnetic  substance,  when  magnetized  longitudinally, 
the  orientation  of  oblate  spheroids  within  the  material  would  give  the 
effects  observed  and  that  a  shortening  indicated  that  the  obla  te  spheroids 
had  their  equatorial  planes  normal  to  the  magnetic  held.  In  iron  and 
nickel  this  occurs  in  strong  fields.  Kelvin,  Goldhammer,  Tomlinson 
and  Patterson  worked  with  strong  magnetic  fields  so  that  the  oblate 
spheroids,  if  they  exist,  were  oriented  with  their  equatorial  planes  normal 
to  the  field.  If  resistance  was  measured  normal  to  the  field,  then  the 
current  would  flow  parallel  to  the  equatorial  planes  of  the  spheroids. 
For  ferromagneric  substances  this  condition  is  the  one  for  the  decrease  in 
resistance.  It  is  also  the  condition  found  in  the  experiments  reported 
here.  Similarly,  if  the  resistance  is  measured  parallel  to  the  field,  there 
is  an  increase  of  resistance  because  the  current  flows  normal  to  the 
equatorial  planes.  These  experiments  show  increase  in  resistance  when 
the  current  flowed  normal  to  the  equatorial  planes.  Thus  for  the  metals 
which  the  theory  of  Thomson's  did  not  cover,  there  is  in  these  experiments 
a  possible  explanation.  Cobalt  lengthens  for  strong  fields  in  which  case 
it  may  be  supposed  that  other  factors,  already  mentioned,  prevail. 
As  was  said  above  there  can  be  little  question  but  what  we  have  a  number 
of  different  factors  combining  to  give  us  the  effect  described  as  change  iq 
resistance  due  to  a  magnetic  field.  It  is  a  complicated  phenomenon. 
In  one  metal  one  factor  may  predominate  and  in  another  some  other 
factor  may  hold  sway.  In  connection  with  the  explanation  offered  in 
these  experiments,  it  would  be  of  great  interest  to  measure  the  change 
in  resistance  of  the  Heusler  alloys  due  to  a  magnetic  field.  They  show 
increase  in  length  for  the  Joule  effect  for  all  magnetic  field  strengths 
that  have  been  studied. 

The  effect  first  found  by  Lord  Kelvin  is  a  comparatively  small  effect, 
hence  strong  magnetic  fields  are  always  used  in  studying  it.  If,  however, 
the  orientation  of  elementary  magnets  does  play  some  part  in  this  phe< 
nomenon,  then  we  might  expect  a  reverse  effect  for  weak  fields  since  the 
Joule  effect  shows  a  lengthening  for  weak  fields  and  a  shortening  for 
strong  in  the  case  of  iron  and  steel.  The  effect  is  doubtless  too  small  to 
be  detected  in  weak  fields  but  nevertheless  is  worth  trying  for.  This  will 
be  investigated  in  connection  with  a  study  of  the  Heusler  alloys  for  change 
in  resistance  due  to  a  magnetic  field. 

One  point  perhaps  should  be  discussed :  what  is  the  cause  of  this  change 
in  resistance  due  to  the  orientation  of  the  oblate  spheroids  within  the 
conductor?     If  one  maps  the  lines  of  flow  about  the  spheroids,  when  the 

■  Phys.  Rsv.,  Vol.  34,  p.  40,  Jan..  igia. 
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equatorial  planes  are  normal  to  the  lines  of  flow  and  when  they  are  [>arallel, 
it  will  be  seen  that  the  lei^h  of  the  path  of  flow  is  greater  when  the 
equatorial  planes  are  normal  to  the  direction  of  flow  than  when  parallel. 
This  amounts  to  increasing  the  length  of  the  conductor  and  so  augmenting 
the  reastance,  although  the  distance  between  the  electrodes  remains 
constant.     This  is  shown  in  Figs.  5,  6,  7  and  8  where  5  and  6  are  for  the 


Fig.  7.  Fig. «. 

non-conducting  oblate  spheroids  and  7  and  S  are  for  the  conducting 
spheroids.  The  lines  of  flow  were  [dotted  by  a  method  described  by 
Hering.'  In  Figs.  5  and  6  the  elliptical  openings  are  cut  in  the  conduct- 
ing sheet  and  so  are  non-conducting,  while  in  Figs.  7  and  8  zinc  ellipses 
are  l^d  on  the  conducting  sheet  and  are  better  conductors  than  the  sheet 
itself.  There  will  also  be  a  change  in  resistance  due  to  change  in  cross- 
section  of  the  electrolyte  as  the  spheroids  are  rotated.  This  is  also  shown 
in  Figs.  5,  6,  7  and  8. 

The  experiments  as  carried  out  were  with  the  condition  that  the 
distance  between  centers  of  the  spheroids  remained  constant.  This  is 
analogous  to  Goldhammer's  experiments  in  which  he  used  thin  films 
plated  on  glass.  The  elementary  magnets  could  not  shift  laterally. 
The  resistance  was  also  measured  when  the  distance  betw'eea  the  bound- 
ing surfaces  was  the  same  in  both  directions,  the  distance  between  the 
electrodes  remaining  as  before.    This  did  not  seem  to  affect  the  general 

■  Heting's  Eoentiala  of  Phj'Blcs,  p.  198. 
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results,  observed  when  the  centers  were  kept  fixed.  The  heavy,  hori- 
zontal lines  in  Figs.  3  and  4,  marked  by  an  arrow,  indicate  the  resistance 
when  the  spheroids  are  turned  in  all  possible  directions.  This  would 
be  analogous  to  the  condition  of  a  ferrom^netic  substance  in  the  virgin 
state. 

PtnrsiCAL  Laboratory, 

OsBkLtK  College,  Obbrlin,  Ohio. 
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PHYSICAL  REVIEW. 


ROTATIONS  IN  THE   IRON  ARC. 

Bv  W.  G.  Cady. 

%  I.  Reference  has  been  made  in  previous  papers'  to  a  peculiar  type 
of  rotations  found  at  the  anode  of  the  iron  arc  in  air.  Subsequent  experi- 
ments have  shown  that  the  phenomenon  is  more  comfJicated  than  was 
at  first  supposed.  Stated  briefly,  if  the  anode  is  sufficiently  oxidized 
80  that  a  smooth  molten  globule  of  oxid  is  formed,  the  positive  base  of 
the  arc  tends  to  fall  into  a  circular  motion,  producinB:  the  appearance  of 
a  minute  ring  of  light  at  the  anode.  As  the  current  is  increased  from 
about  1.5  to  2.5  amperes,  four  characteristic  types  of  rotation  may  be 
observed  in  succession,  the  transition  from  one  type  to  the  next  being 
marked  by  a  distinct  and  sudden  change  in  diameter  and  frequency  of 
rotation.  This  is  not  the  result  of  artificial  conditions,  but  the  normal 
sequence  of  eiienls  in  the  iron  arc  as  the  current  Increases. 

Apparatus  and  Method. 

§  2.  Since  we  are  dealing  with  an  effect  that  depends  essentially 
upon  the  anode,  any  substance  that  does  not,  by  distilling  across  the 
arc,  change  the  chemical  nature  of  the  anode,  may  serve  as  cathode.  An 
iron  cathode  serves  fairly  well,  but  the  wandering  of  the  negative  base  is 
troublesome.  I  have  secured  the  best  results  by  using  as  cathode  a  cored 
carbon  half  an  inch  in  diameter.  Ap[>arentiy  the  traces  of  salt  in  the 
carbon  tend  to  hold  the  negative  base  steadier  at  the  small  currents  with 
which  we  have  here  to  do.  Care  must  however  be  taken  not  to  let  the 
arc  take  place  directly  from  the  core,  as  the  metallic  salts  from  the  core 
change  the  form  of  the  dischai^e  to  a  glow  at  the  anode,  so  that  the  first 
stage*  persists  even  for  currents  over  five  amperes.  It  was  found  best 
to  remove  the  core,  leaving  a  bore  through  the  center  of  the  carbon.     The 

<  Am.  Jour.  Sd.,  14,  p.  405,  1907;  Phys.  Rkv..  14,  p.  381,  1907,  and  35,  p.  77,  tQia;  Pbyt. 
2dtachr.,  8,  p.  890,  1907. 

*  Cady  and  Arnold.  Am.  Jour.  Sd.,  14.  p.  384,  1907. 
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negative  base  of  the  arc  occupied  only  a  small  spot  on  the  side  or  end  of 
the  carbon.  No  advantage  was  found  from  impregnating  solid  carbons 
with  various  salts.  The  anode  may  be  either  above  or  below,  in  the 
form  of  an  iron  rod  from  3  to  6  mm.  in  diameter  with  oxidized  end,  or  a 
small  bead  of  oxid  resting  in  a  depression  on  the  end  of  a  carbon  holder. 
The  length  of  arc  in  the  present  experiments  varied  between  3  and  10  mm. 
Most  of  the  experiments  recorded  here  were  performed  with  the  brass 
water-cooled  lamp  shown  in  Fig.  i.  As  this  apparatus  has  been  found 
useful  in  various  lines  of  work,  the  following  brief  description  is  given. 
It  consists  of  an  inner  vertical  cylinder  TT  of  brass  18X9  cm.,  with  flat 
top  and  bottom,  completely  inclosed  in  an  outer  brass  jacket.  Water 
is  kept  flowing  in  at  A  and  out  at  B.  C  and  D  are  brass  tubes  for  inlet 
or  outlet  of  gases.  £  is  a  round  horizontal  brass  disk  on  the  end  of  a 
vertical  bnkss  stem  with  hard  rubber  handle  G,  which  can  be  rotated 
about  a  vertical  axis  by  means  of  a  ground  glass  joint.  The  stem 
is  sealed  into  the  lower  member  of  the 
.  joint  at  M.  The  upper  member  of  the 
joint,  N,  is  sealed  into  a  brass  tube, 
which  is  soldered  to  the  inner  and  outer 
jackets.  The  joint  is  thus  kept  cool. 
The  disk  E  carries  six  brass  sockets 
(two  of  which  are  shown),  in  which 
various  electrodes  may  be  fastened.  A 
convenient  interchange  of  electrodes  is 
thus  made  possible  without  opening  the 
lamp.     For  the  present  purpose  this  was 

^  an  important  consideration,  since  the 

C  rapid  and  irregiilar  wearing  away  of  the 
carbon  cathodes  made  frequent  changes 
necessary.  F  is  the  upper  electrode, 
controlled  by  a  rack  and  pinion  move- 
ment. The  stem  for  turning  the  pinion 
passes  through  a  horizontal  glass  joint 
(not  shown)  ^milar  to  that  at  E.  In 
front  is  a  round  opening  passing  through 
the  inner  and  outer  cylinders,  indicated 


FiB.l. 


by  a  dotted   line  in  Fig.  i.     A  glass  window  can  be   screwed   tightly 
over  this. 

For  the  experiments  in  free  air  the  window  was  generally  left  open. 
But  since  the  rings  are  best  observed  when  disturbing  air-currents  are 
eliminated,  it  was  sometimes  necessary  to  close  the  opening  and  to  draw 
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a  slow  current  of  air  through  the  lamp,  in  order  to  maintain  the  supply 
of  oxygen. 

In  order  to  make  the  rings  visible  from  the  front,  the  cathode  was 
generally  brought  into  such  a  position  as  to  cause  the  arc  to  take  place 
from  a  point  on  the  front  of  the  anode  globule. 

5$.  The  following  methods  were  employed,  singly  or  together,  in 
studying  the  ap[>earance  of  the  anode  and  the  accompanying  oscillations. 

1.  A  lai^e  image  of  the  arc  was  projected  on  to  a  screen. 

2.  The  frequency  of  the  oscillations  could  be  approximately  deter- 
mined by  comparing  with  a  tuning  fork  the  high-pitched  whistle  that 
accompanied  the  rotations. 

3.  To  detect  small  periodic  effects,  especially  when  there  were  disturb- 
ing noises,  a  high-resistance  telephone  receiver,  shunted  by  about  one 
ohm,  was  connected  in  series  with  the  arc.  The  receiver  responded  to 
the  small  fluctuations  m  current  which,  as  will  be  seen,  always  accomfiany 
the  rotations. 

4.  By  reflecting  the  image  from  a  rotating  mirror,  the  movements  of 
the  positive  base  could  be  roughly  examined.  Although  no  stationary 
image  could  be  obtained  in  this  way,  still  valuable  knowledge  of  the 
character  of  the  movements  was  gained. 

5.  The  fluctuations  in  current  and  potential  drop  were  recorded  with 
a  Duddell  high-frequency  oscillograph  and  rapidly  moving  film. 

6.  A  somewhat  enlarged  image  of  the  arc  was  in  some  cases  photo- 
graphed on  the  moving  film,  alone  or  simultaneously  with  the  oscillograph 
records. 

All  the  characteristic  phenomena  can  be  observed  with  a  supply  of 
no  volts,  but  in  general  from  150  to  300  volts  were  used,  as  the  arc 
was  then  more  stable.  A  liquid  resistance  was  used  for  fine  regulation  of 
current. 

Description  of  the  Rotations. 

54.  Type  A. — Up  to  about  1.5  amp.  the  anode  globule,  though  brightly 
incandescent,  is  not  vaporizing,  i.  e.,  the  arc  is  on  the  first  stage  with  a 
glow  discharge  at  the  anode.  At  about  i  .5  amp.  the  change  to  the  second 
stage  generally  occurs,  when  the  current  increases  abruptly  one  or  two 
tenths  of  an  ampere.  The  positive  base  of  the  dischai^e  then  concen- 
trates itself  upon  a  spot  similar  to  that  at  the  cathode,  and  a  hissing 
sound  is  heard,  due  to  the  vaporization.  A  close  examination  of  the 
magnified  image,  however,  reveals  the  fact  that  the  positive  base  is  in 
the  form  of  a  ring  with  dark  center,  about  0.4  mm.  in  diameter,  while 
under  favorable  circumstances  a  faint  wavering  high-pitched  note  can  be 
heard. 
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This  is  the  first  of  the  four  types  of  rotation  referred  to  above.  For 
brevity  we  win  call  it  "Type  A,"  or  "Ring  A,"  The  measured  frequency 
/  and  diameter  S  of  this  as  well  as  of  the  other  three  types  are  shown  in 
Fig.  2.     The  data  for  this  figure  are  mostly  taken  from  a  single  photo- 
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Dependence  of  frequency  /  (cycles  per  sec.),  diameter  of  ring  i  (cm.),  linear  velodty  v  (cm. 
per  KC.).  and  normal  acceleration  a,  upon  the  current,  for  the  fotir  tjrpes  of  rotation. 

graphic  film.  The  drum  carrying  the  film  was  kept  turning  at  the  rate 
of  10  rev.  per  sec.  during  the  operation.  The  "life  history"  of  all  four 
types  was  recorded  as  a  practically  continuous  record  about  eleven  feet 
long  on  this  film.  This  was  done  by  gradually  decreasing  the  resistance 
in  the  arc  circuit,  while  simultaneously  the  lens  that  projected  the  image 
of  the  f>ositive  base  on  to  the  film  was  moved  sidewise  by  hand  at  as 
uniform  a  rate  as  possible.  The  values  here  shown  were  confirmed  by 
other  observations,  photographic  and  visual,  and  may  be  taken  as  repre- 
sentative of  the  normal  phenomena,  except  that  the  changes  on  this  film 
took  place  at  somewhat  smaller  currents  than  is  commonly  the  case. 
In  single  instances,  more  or  less  wide  departures  from  these  values  must 
be  expected,  for  while  the  relative  values  of  /  and  6  in  any  experiment  are 
generally  in  agreement  with  Fig.  2,  still  the  absolute  values  may  differ  very 
widely.  Hence  averages  from  different  tests  are  sometimes  untrust- 
worthy. 
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The  broken  lines  in  Fig.  2  are  based  on  other  data  gathered  at  different 
times. 

§5,  Type  B. — Between  1.67  and  1.73  amperes  the  second  type  of 
rotations,  which  we  will  call  Type  B,  begins  to  assert  itself.  This  ring, 
as  seen  in  Fig.  2,  has  asmaller  diameter  and  higher  frequency  than  Type  A. 
It  appears  on  the  film  first  in  short  trains  interjected  at  intervals  in  the 
midst  of  Type  A.  This  is  seen  in  the  first  curve  in  Fig.  3.  The  long 
waves  are  Type  A,  the  short  ones  Type  B ;  for  each  type,  the  frequency  is 
higher  than  that  shown  on  Fig.  2.  Neither  type  is  as  steady  here  as 
when  it  exists  by  itself  alone.  As  the  current  increases,  the  trains  of 
waves  from  Type  B  become  longer  and  the  intervals  (Type  A)  shorter, 
until   at    1.73  amp.  (Fig.  2)  Ring  A  ceases  altogether   and    Ring   B 
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Fig.  3. 

/.  Photograph  of  positive  base  on  moving  fUm.  Types  A  (large)  and  B  (small)  altetoatltig. 
Mean  diameter  of  ring.  Type  A,  0.3  mm.     Current.  t.T5  amp. 

//.  Oscillognipb  records  of  p.d.  and  current,  together  with  image  of  positive  base  umllar 
to(/).  TypeC, frequency  1,600.  In  £  curve,  t  mm.  -t.34voltB;  In  i  curv^,  t  mm.  -0,013 
amp.     Diameter  of  ring.  0.9  mm.    Current.  2.0S  amp. 

III.  Oscillograph  record  of  p.d..  Type  C,  frequency  1,670.     1  mm.  ~  1.23  volts. 

7  V.  Photograph  of  positive  base.  Type  D.     1  mm.  -  0.106  mm.  at  anode  of  arc.     Current. 

alone  is  seen.  Direct  examination  with  the  rotating  mirror  reveals  the 
same  efFect.  The  data  for  Fig.  2  are  not  taken  from  the  films  shown  in 
Fig.  3.  , ,  I 
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The  audible  pitch  falls  gradually  in  a  peculiar  manner  while  the  transi- 
tion from  Type  A  to  Type  B  is  in  progress.  This,  I  think,  :b  due  to 
slowing  down  of  the  column  of  entrained  gas,  which,  as  long  as  Type  B 
alternates  with  Type  A,  fails  to  keep  in  step  with  either  ring.  The  sound 
of  course  proceeds  from  the  moving  vapor  and  not  alone  from  the  positive 
base  of  the  arc. 

§6.  Type  C. — On  the  film  on  which  Fig.  2  is  based,  TypeB  lasts  only 
up  to  l.8o  amperes,  when  quite  suddenly  it  gives  place  to  the  third  type. 
Here  the  diameter  is  much  lai^r  and  the  frequency  correspondingly 
lower.  This,  by  far  the  most  conspicuous  of  the  rotations,  is  the  one 
referred  to  in  the  earlier  papers.  Occasionally  Type  C  fails  to  appear, 
or  at  most  it  comes  in  a  few  irregular  trains.  This  is  especially  the  case 
when  the  arc  is  disturbed  or  when  the  gas  contains  an  insufHcient  supply 
of  oxygen.  The  range  of  current  over  which  Type  C  prevails  is  often 
very  limited,  in  the  present  case  only  from  i.8o  to  1.88  amp.  Under 
normal  conditions.  Type  C  begins  at  about  2  amperes  and  lasts  until 
2.3,  or  even  2.5,  amperes,  at  which  point  Type  D  begins. 

The  audible  tone  due  to  Type  C,  which  may  be  heard  at  a  considerable 
distance  from  the  arc,  varies  in  the  manner  indicated  by  the  frequency 
curve  in  Fig.  2.  The  absolute  values  of  /  and  S  are  nearly  the  same,  at 
whatever  current  the  ring  first  appears. 

In  Fig.  4  may  be  seen  a  charcoal  drawing  of  the  arc  between  an  iron 
anode  and  carbon  cathode,  based  upon  a  photograph.  Owing  to  very 
unequal  light  distribution,  the  photograph  did  not  lend  itself  to  direct 
reproduction.    The  diameter  of  Ring  C  was  0.91  mm.,  current  2.12  amp. 

Simultaneous  records  of  current  and  volti^e,  together  with  the  image 
of  the  positive  base  for  Type  C,  are  shown  in  the  second  group  of  curves, 
Fig.  3.  The  long-period  fluctuations  in  the  oscillographic  records,  which 
are  very  evident  on  the  complete  film  (only  a  part  of  which  is  here  shown), 
are  due  either  to  swaying  of  the  arc  or  to  wandering  of  the  negative  base. 
Whatever  the  cause,  it  is  evident  that  the  movement  of  the  positive  base 
was  undisturbed.  Curve  III  of  Fig.  3  is  a  voltage  record  for  Type  C, 
showing  irregular  fluctuations  at  the  beginning,  as  well  as  the  appearance 
of  beats  (cf.  §  10). 

§  7.  Type  D. — At  1.88  amp.  the  film  under  discussion  shows  a  sudden 
change  to  the  fourth  type  of  rotation,  Type  D.  This,  the  final  type, 
lasts  in  air  at  atmospheric  pressure  up  to  about  5  amp.  The  frequency 
falls  and  the  diameter  increases  with  increasing  current  (Fig.  2).  Beyond 
3  amp.,  however,  the  motion  becomes  very  irregular.  Still,  up  to  5  amp. 
the  rotating  mirror  still  shows  detached  trains  of  large  waves  in  the  midst 
of  the  irregular  wandering  of  the  positive  base;  at  about  this  point  the 
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movement  ceases  somewhat  suddenly,  as  explained  In  §  23.  From  then 
on,  no  tendency  to  wander  has  hitherto  been  observed. 

The  appearance  of  Ring  D,  as  revealed  by  the  moving  film,  is  seen  in 
Curve  IV  of  Fig.  3.  The  disturbed  state  characteristic  of  lai^e  currents 
is  here  in  evidence. 

As  has  been  stated,  the  currents  for  this  particular  film  were  smaller 
than  those  usually  encountered.  In  general,  one  may  look  for  the  four 
types  at  about  the  following  values  of  current:  Type  A,  from  14  to  1,8 


Iron  aic  rotatiou,  Type  C.     Below:  Carbon  cathode.    Above:  Iron  oxide  anode.     Current. 
2.11  amp.     Diameter  of  ring,  0.91  nun. 

amp.;  Type  B,  from  1.8  to  2.0  amp.;  Type  C,  from  2.0  to  2.5  amp., 
though  very  often  Type  B  or  Type  D  encroaches  widely  on  this  interval; 
Type  D,  from  2.5  to  5  amp. 

§  8.  Remarks  on  Type  C. — The  vapor  of  the  arc  for  a  distance  of  several 
millimeters  from  the  anode  seems  to  partake  of  the  motion.  At  any 
rate,  the  arc  becomes  diffuse,  and  the  envelope  of  yellow  fiame  surround- 
ing it,  which  is  due  chiefly  to  the  oxidation  of  the  iron  vapor,  flickers 
convulsively  the  moment  the  ring  appears.  If  the  arc  is  shortened  to 
about  2.5  mm.,  the  negative  base  is  also  affected  by  the  rotation  and  the 
anode  ring  is  less  distinct.  With  still  shorter  arcs,  Type  C  fails  to 
appear,  though  the  other  types  are  still  in  evidence.  It  would  appear 
from  this  that  only  about  2.5  to  3  mm.  of  vapor,  at  the  anode  end  of  the 
arc,  is  affected  by  Type  C,  and  that  the  vapor  is  even  less  influenced 
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by  the  other  types.  Type  C  generally  passes  through  a  very  disturbed 
state  at  lai^est  currents,  just  before  the  change  to  Type  D  takes  place. 
Sometimes  the  arc  appears  to  divide  into  two  or  more  parallel  arcs.  The 
anode  sometimes  becomes  so  cooled  at  such  times  that  in  spite  of  the 
large  current  the  change  from  second  to  first  stage  (non-vaporizing  anode) 
occurs.  Over  this  part  of  the  characteristic  curve  accurate  observations 
of  current  and  p.d.  are  impossible. 

On  diminishing  the  current,  the  observations  on  all  four  rings  are 
repeated  in  reverse  order.  Whenever  Type  C  begins,  whether  on  in- 
creasing or  decreasing  current,  the  drop  across  the  arc  always  increases 
I  to  2  volts  while  the  current  decreases  slightly.  This  is  probably  due 
to  the  lengthening  of  the  arc. 

The  tendency  of  both  ends  of  the  arc  to  wander  over  the  surfaces  of 
the  electrodes  is  a  mo^t  exasperating  feature  of  the  work,  rendering  precise 
observations  utterly  impossible.  Various  remedies,  such  as  steadying 
the  arc  by  holding  a  bar  magnet  near  it,  have  been  tried  without  success. 
Ring  C  is  the  hardest  form  to  obtain.  It  is  seen  generally  only  for  a  few 
seconds  at  a  time,  though  under  good  conditions  it  may  last  a  full  minute. 

5  9.  Refaction  of  Light  by  the  Column  of  Hot  Vapor. — ^The  surface  of 
the  iron  oxid  globule,  which  under  normal  conditions  is  brightly  in- 
candescent, is  extremely  smooth,  giving  a  distinct  reflected  image  of  the 
column  of  vapor  and  of  the  negative  end  of  the  arc,  especially  when  a 
carbon  cathode  is  used.  If  the  globule  is  viewed  from  such  an  angle 
that  the  negative  crater  is  reflected  from  a  point  near  the  positive  base 
of  the  arc,  a  curious  distortion  takes  place:  the  image  sends  out  a  line 
pointing  toward  the  [>ositive  base,  and  sometimes  a  second  fainter  image 
appears  close  to  the  main  one,  in  a  direction  away  from  the  positive  base. 
This  condition  is  shown  close  to  the  ring  in  Fig.  4. 

The  first  of  these  effects  is  probably  due  to  refraction  of  the  light  from 
the  crater  by  the  hot  vapor  of  the  arc.  The  second  image  seems  to  result 
from  a  deformation  of  the  surface  of  the  globule,  caused  by  the  mechanical 
pressure  which  the  arc  is  known  to  exert  upon  the  molten  surface. 

No  distortion  of  the  image  of  the  negative  crater  is  seen  on  the  first 
stage  of  the  arc,  as  the  positive  base  is  then  very  diffuse  and  no  vaporiza- 
tion of  the  anode  takes  place, 

A  similar  distortion  of  the  reflected  image  was  observed  with  anodes 
of  other  metals  and  oxides  (§  26). 

§  10.  Observations  with  the  Oscillograph. — It  seemed  desirable  to  study 
the  variations  in  voltage  and  current  produced  by  the  rotations.  A 
Duddel!  high-frequency  oscillograph  with  rapidly  moving  fihn  was  used. 
In  some  cases  an  Image  of  the  anode  of  the  arc  was  projected  on  to  the 
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film,  in  addition  to  the  oscillograph  spots.  A  part  of  one  such  record  is 
shown  in  Fig.  3,  //. 

Owing  to  the  high  frequencies  involved,  it  was  not  possible  to  secure 
osdllographic  records  showing  accurately  the  wave-form  of  the  current 
and  voltage  curves.  Indeed,  except  at  the  lowest  frequencies,  variations 
accompanying  Types  A,  B  and  D  could  not  be  seen  at  all.  Type  C  was 
always  found  to  be  accompanied  by  oscillations  in  arc  voltage  amounting 
to  =^  I  to  3  volts,  and  in  current  amounting  to  ±  o.oi  to  0.03  amperes. 
The  cause  of  these  fluctuations  lies  probably  in  periodic  changes  in  length 
and  temperature  of  the  arc,  especially  since  in  taking  the  photographs 
the  electrodes  were  moved  out  of  vertical  alignment  in  order  to  bring 
the  positive  base  as  far  over  on  to  the  side  of  the  globule  as  pos»ble. 

On  some  films  the  amplitude  of  the  oscillograph  curves  varies  period- 
ically, reaching  a  minimum  every  ten  to  twenty  cycles,  or  even  passing 
through  a  zero  value  and  suffering  a  phase  displacement  of  180°,  as  in 
Fig.  3,  ///.  This  at  once  suggests  beats,  and  indeed  it  is  not  impossible 
that  such  were  present,  since  once  in  a  while  two  tones  could  be  heard 
at  once  during  Type  C.  The  appearance  of  beats,  moreover,  would  be 
produced  if,  owing  to  air  currents  or  other  cause,  the  entire  ring  swayed 
from  side  to  side  over  the  surface  of  the  globule.  Direct  evidence  of  such 
swaying  was  sometimes  furnished  by  the  blurred  appearance  of  the  ring- 
This  might  account  for  the  production  of  two  musical  notes,  especially 
through  the  action  of  the  Doppler  effect. 

On  the  whole,  the  determination  of  current  and  voltage  relations  does 
not  seem  to  be  of  particular  value  in  the  study  of  these  rotations,  except 
in  so  far  as  it  throws  additional  light  upon  the  periodicity.  These  obser- 
vations with  the  osdllt^raph  serve,  however,  to  explain  the  nature  of 
the  oscillations  in  the  iron  arc  current  which  Arnold  and  the  writer' 
found  always  to  be  present  on  the  second  stage. 

Self-inductances  (transformer  windings)  were  at  times  connected  in 
series  with  the  arc  on  both  sides,  but  they  were  without  effect  upon  the 
period  or  sound  of  the  rotations. 

Theory  of  the  Rotatioks. 
§  II.  It  is  well  known  that  in  both  glow  and  arc  discharge,  rotation  of 
the  positive  column  can  be  produced  by  a  radial  magnetic  field.  It  is  con- 
ceivable that  in  the  present  case,  a  magnetic  field  perpendicular  to  the 
plane  of  the  ring  might  maintain  the  drcular  motion  by  virtue  of  its 
component  at  right  angles  to  the  arc  stream.  The  writer  thought  at 
one  time  that  this  would  prove  to  be  the  cause  of  the  rotations.    That 

>  Cady  and  Arnold.  I.  «.,  pp.  405,  409. 
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such  is  not  the  case  became  dear  when  it  was  found  that  the  period  and 
amplitude  of  the  rotations  are  independent  of  the  direction  of  the  arc  in 
space,  and  that  the  direction  of  rotation  often  reverses  itself  sponta* 
neously.  Moreover,  I  have  placed  the  arc  in  a  magnetic  lield  whose 
direction  and  intensity  were  varied  through  wide  limits,  without  de- 
tecting the  slightest  influence  on  the  rotations. 

Dufour'  found  that  the  irregular  wandering  of  the  cathode  base  of  the 
mercury  arc,  caused  by  excess  of  vapor  pressure,  can  be  made  to  resolve 
itself  into  a  circular  motion.  This  cannot,  however,  be  the  controlling 
cause  of  the  iron  arc  rotations,  since,  as  will  be  seen  (§  24),  the  presence 
of  oxygen  is  the  prime  requisite  for  their  maintenance. 

Trotter*  observed  a  rotation  of  the  bright  spot  at  the  anode  of  the 
carbon  arc  just  before  the  beginning  of  the  hissing  stage.  This  was  later 
shown  to  be  due  to  the  inrush  of  oxygen  into  the  crater.'  As  will  be  seen 
(§  15),  this  bears  a  closer  resemblance  to  the  present  rotations  than  any 
of  the  other  types  hitherto  known. 

§  12.  It  seems  most  probable  that  the  rotations  here  described  find 
thnr  origin  in  modifications  in  the  composition  of  the  globule  of  oxid 
at  the  anode.  We  will  consider  first  the  cause  of  the  wanderii^  of  the 
positive  base,  and  then  the  conditions  necessary  for  the  maintenance  of 
a  continuous  rotation. 

As  has  been  stated,  the  anode  globule  on  cooling  is  found  to  consist  of 
magnetic  iron  oxid,  FeO.FetC^.  This  oxid  is  Imown  to  possess  a 
complex  structure,  and  to  undergo  changes  in  its  physical  properties  at 
certain  critical  temperatures.* 

Waiden*  found  FejOi  to  be  stable  in  air  up  to  about  1350"  C,  at  which 
temperature  it  dissociates  into  O  and  FejO*.  Kohlmeyer,*  on  the  other 
hand,  assigns  to  the  melting  point  of  FejQi  the  value  1565°,  with  transi- 
tion points  at  1300*  and  1035°.  Hilpert^  calls  attention  to  the  influence 
of  previous  history  and  method  of  treatment  on  the  dissociation  tempera- 
ture of  FejOi,  while  WUst*  asserts  that  at  1050°  the  compound  FeO.FeiOj 
is  formed,  at  1100°  2FeO.FeiQi,  and  at  1200°  sFeO.FejC^.  According 
to  Hilpert,  Kauffmann  identified  also  aFeO.gFeaOs.  I  know  of  no  investi- 
gations on  the  reactions  that  take  place  at  higher  temperatures  than  these, 

'  Dufour.  Jour.  Phys..  sth  Set.,  i,  p.  109,  1911. 

>  Trotter,  Electrician.  33.  p.  398.  1894. 

'  Mrs.  Ayrton.  The  Electric  Arc.  p.  300. 

*Cf.  Heaps,  Phil.  Mag.,  14.  p.  813.  1913.  Soroerville,  Pkv^  Rev.,  34,  p.  311.  191a. 
Koenlgsbeiger,  Pbys.  Zdtscbr.,  13.  p.  iSi.  igia. 

•WaldcD,  Jour.  Amer.  Chem.  Snc.,  30.  p.  1350,  190S. 

•  Koblraeyei.  Metallurgie.  6,  p.  333,  ipop. 

'  Hilpeitt  Bar.  Deutsch.  Chem.  Ges.,  41,  p.  4893,  1909. 

•WUit.  Metallurgie,  5.  p.  II,  1908. 
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but  it  aeems  not  Improbable  that  still  others  occur  before  the  final  reduc- 
tion of  the  iron  is  accomplished.  In  addition,  there  is  the  possibility 
of  the  fomiation  and  dissociation  of  a  nitride. 

Apparently  at  any  given  gas  pressure  the  temperature  close  to  the 
posicive  base  of  the  iron  arc  is  determined  solely  by  the  current.  At  any 
rate,  heating  the  rod  to  which  the  positive  globule  is  attached  does  not 
perceptibly  affect  the  rotations. 

5  13.  Temperature  of  the  Anode  Globule.— A  Pt  :  PtRh  thermo-element 
was  thrust  into  the  molten  globule  after  the  arc  had  been  started,  and 
observation  for  temperature  were  made  at  various  values  of  the  arc 
current.  Owing  to  the  wandering  of  the  arc  and  the  turbulence  of  the 
molten  oxids,  the  results  were  very  irregular,  but  the  mean  temperature 
of  the  globule  seemed  to  be  in  the  neighborhood  of  1600°  C.  for  currents 
between  1 .5  and  3  amp.  Close  to  the  positive  base  of  the  arc  the  platinum 
wire  melted,  and  this  occurred  also  when  the  thermo-element  was  thrust 
deeply  into  the  globule  to  a  point  about  one  millimeter  below  the  positive 
base,  showing  that  here  also  the  temperature  is  very  high.  Where  the 
oxid  touched  the  iron  rod  on  which  it  rested,  its  temperature  must  of 
course  have  been  below  the  melting  point  of  iron,  1530°;  half-way  up  the 
side  of  the  globule  the  temperature  was  about  1450°,  at  a  current  of 
three  amperes.    The  globule  was  about  4  mm.  in  diameter. 

The  relative  brightness  of  different  parts  of  the  surface  of  the  globule 
was  observed  by  projectii^  an  enlarged  image  of  the  globule  onto  the 
screen  of  a  photometer,  the  other  side  of  which  was  illuminated  uniformly 
by  an  incandescent  lamp.  No  estimate  of  the  actual  temperature  by 
this  method  was  attempted,  because  the  emissjvity  of  the  oxids  is  not 
known.  But  it  was  evident  that  the  surface  temperature  fell  off  con- 
siderably as  the  distance  from  the  positive  base  increased,  and  as  the 
current  decreased,  as  was  to  be  expected. 

From  these  tests  it  is  clear  that  in  the  neighborhood  of  the  positive 
base  the  temperature  is  so  high  that  it  is  impossible  to  conjecture  what 
compounds  may  be  present  there.  At  the  positive  base  itself  the  material 
may  be  reduced  iron  at  all  currents  (except,  of  course,  on  the  first  stage).  . 
No  conclusion  as  to  the  nature  of  the  positive  base  can  be  drawn  from  an 
examination  of  the  globule  after  it  has  cooled,  for  even  in  the  absence  of 
oxygen,  as  soon  as  the  arc  is  put  out,  diffusion  quickly  removes  all  traces 
of  the  positive  base.  I  tried  quenching  the  globule  suddenly  with 
mercury  on  the  instant  of  opening  the  switch  in  the  arc  circuit,  but 
found  that  the  globule  flew  to  pieces  on  contact  with  the  cold  mercury. 

§  14.  From  the  above  considerations  it  is  apparent  that  at  any  given 
current  the  compounds  in  the  region  immediately  surrounding  the  posi- 
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tive  base  of  the  iron  oxid  arc  are  richer  in  oxygen  than  is  the  positive  base 
itself.  If  the  arc  took  place  with  the  same  ease  from  all  these  compounds, 
and  from  pure  iron  itself,  there  would  be  no  tendency  for  the  positive 
base  to  wander.  In  a  preliminary  communication,'  the  view  was  ex- 
pressed that  the  positive  base  was  more  highly  oxidized  than  the  sur- 
rounding region,  and  that  the  cause  of  the  rotations  lay  in  a  higher  anode 
drop  at  this  point.  More  recent  experiment^  have  indicated,  on  the 
contrary,  that  the  lower  drop  which  seemed  to  be  present  when  the 
anode  was  of  meteillic  iron  was  due  to  the  arc  vapor  rather  than  to  the 
anode,  and  that  in  fact  the  arc  takes  place  with  greater  ease  from  an 
oxidized  anode.  Hagenbach'  has  recently  found  the  anode  drop  to  be 
less  from  an  oxidized  anode  than  from  the  pure  metal.  Whether  the 
tendency  of  the  arc  to  bum  from  the  oxids  rather  than  from  pure  iron 
is  due  to  a  specific  property  of  the  oxids  or  to  their  lower  boiling  points 
cannot  at  present  be  determined.  It  is  exceedingly  difficult  to  obtain 
reliable  values  of  the  anode  drop  with  an  exploring  electrode,  owing  to 
the  small  size  and  instability  of  the  arc  at  the  small  currents  in  question. 

It  was  found  by  Stark  and  Cassuto'  that  the  anode  drop  in  the  arc 
increased  with  increasing  temperature.  If  this  is  true  of  the  iron  oxid 
arc,  it  may  furnish  the  reason  why  Hagenbach  found  the  anode  drop 
less  from  oxids. 

The  physical  and  chemical  processes  attending  the  progressive  reduc- 
tion and  vaporization  of  the  oxids  may  of  themselves  increase  the  ioniza- 
tion in  the  arc  and  thus  lower  the  potential  gradient.* 

For  these  reasons,  the  following  discussion  is  based  on  the  hypothecs 
that  the  anode  drop,  owing  to  the  reduction  of  the  positive  base,  is  some- 
what higher  than  it  would  be  if  the  arc  could  take  place  from  the  more 
oxidized  surrounding  region. 

§  15.  It  follows  from  the  foregoing  section  that  if  the  positive  base 
chances  to  move  slightly,  the  drop  at  its  advancing  edge  is  less  than 
that  over  the  rest  of  its  surface,  hence  the  motion  continues  along  a  more 
or  less  regular  path. 

The  propelling  force  may  be  expressed  thus: 

Fi  =  kiiP  -  P-),  •  (I) 

where  P  is  the  value  of  the  drop  at  the  reduced  positive  base,  P'  that  for 
the  region  immediately  surrounding,  and  ki  is  a  function  of  the  current. 

'  Pays.  Rkv.,  35.  p.  77,  1913. 

'  Phys.  Zdtschr..  14,  p.  agd,  1913. 

*  Hagcabacb,  Phyi.  Zeitscbr.,  It,  p.  loig,  igi  i. 

*  Stark  and  Casmita,  Phys.  Zeitscbr..  5,  p.  264.  1904- 
'  Cf.  Child.  Electric  Arcs,  New  York.  1913.  p.  181. 
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After  the  motion  has  become  established,  Fi  does  not  necessarily  lie  in 
the  same  direction  as  the  velocity. 

Herein  lies  the  most  reasonable  explanation  of  the  movement  of  the 
positive  base.  A  similar  view  has  been  advanced  by  Wagner'  to  account 
for  the  irregular  wandering  at  the  cathode  in  the  aluminum  arc. 

After  the  movement  has  once  begun,  the  inrush  of  oxygen  into  the 
wake  of  the  arc,  combining  with  the  reduced  iron,  may  serve  as  an  addi- 
tional component  of  the  propelling  force. 

§  16.  The  Production  of  Stable  Rotations. — The  relations  between  the 
forces  that  control  the  rotations  are  shown  in  Fig.  5,  In  this  figure  0  is 
the  undisturbed  position  of  the  p 

positive  base,  and  Q  its  position 
at  any  time  t.  Then  the  move- 
ment of  the  base  will  be  deter- 
mined by  the  following  forces: 
^1  the  propelling  force,  which 
makes  an  angle  a  with  the  radius 
vector  produced;  Ft  the  central 
force  (§  17);  and  Ft  a  resisting 

force  which  acts  in  a  direction  opposed  to  the  element  of  path  ds.  Ft 
arises  partly  from  the  resistance  offered  by  the  surrounding  air  to  the 
motion  of  the  column  of  vapor,  partly  from  the  fact  that  the  advancing 
arc  must  raise  the  temperature  of  the  positive  base  to  vaporization.  It 
must  therefore  increase  as  the  velocity  increases. 

Hie  equations  of  motion  are  as  follows: 

"[S-  ^(f  n  =  ficosa-  F.-  F.|,  (2) 

[I  d  /  ,dS\'l        „    ,  ^rde  ,  . 

From  the  nature  of  the  phenomenon,  it  is  impossible  to  express  a  as  a 
simple  function.  Still  it  is  certain  that  a  tends  to  diminish  as  the  distance 
r  =  OQ  decreases,  for  near  the  center  the  temperature  is  highest  and  the 
globule  most  reduced,  hence  that  edge  of  the  positive  base  that  is  farthest 
from  the  center  will  possess  a  lower  anode  drop  than  the  nearer  edge. 
This  must  tend  to  direct  Fi  more  strongly  away  from  the  center  when  r 
is  small.  The  consequence  of  this  will  be  to  widen  out  the  orbit  into  a 
circle.  Thus  if  the  positive  base  moves  at  all,  the  motion  must  speedily 
resolve  itself  into  a  circular  orbit  mtk  constant  velocity. 

§  17.  In  order  to  investigate  the  central  force  Ft,  several  series  of 
>  WaKner,  Det  LEchtbogcn  ala  WedueUtromeneuKcr.  Ldpzig,  igio,  p.  90. 
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observations  were  made,  in  wtiich  tlie  positive  base  of  tlie  arc  was  de- 
flected by  a  magnetic  field  of  known  magnitude.  Values  of  field  intensity 
between  0.6  and  7  c.g.s.  units  were  employed.  The  position  of  the 
negative  base  of  the  arc  at  the  carbon  cathode  remained  unchanged, 
the  entire  arc  turning  slightly  around  it  as  a  center  when  the  lield  was 
applied,  keeping  its  form  unaltered.  In  this  way  the  stability  of  the 
arc  against  displacing  forces  could  be  studied,  both  when  the  rotations 
were  present  (in  free  air),  and  when  they  were  absent  (in  absence  of 
oxygen,  see  §24).  Since  nearly  the  same  magnetic  deflections  were 
obtained  in  each  case,  it  seems  (air  to  assume  that  in  the  rotations  the 
positive  base  is  subject  to  a  restoring  force,  directed  toward  the  center  of 
the  ring,  obeying  the  same  laws,  at  least  qualitatively,  as  those  derived 
from  the  magnetic  experiments. 

It  is  unnecessary  to  state  the  details  of  these  experiments.  As  a  result 
of  them  I  found  that  for  arc  currents  /  between  2  and  4  amperes,  and 
length  /  of  arc  from  3.5  to  9  mm.,  the  restoring  force  Ft,  expressed  as  a 
force  in  dynes  acting  on  the  positive  base  when  the  latter  is  displaced 
r  cm.  from  its  original  position,  is  given  approximately  by  the  emfurical 
equation 

p I± (^. 

'       (0.26/  -  0.64)  -  (0.032;  -  0.096)/  ■  '•*' 

For  currents  less  than  2  amp.,  and  also,  curiously  enough,  for  Type  C, 
the  value  of  Fj  is  slightly  larger  than  that  derived  from  eq.  (4).  This 
equation  is,  moreover,  not  accurately  applicable  to  the  rotations,  ^nce 
in  them  only  a  part  of  the  entire  length  of  arc  is  affected,  so  that  the 
effective  value  of  I  is  not  known.  For  the  present  paper  it  is  enough  to 
point  out  that  Ft  varies  directly  as  the  radius,  and  hence  as  the  diameter 
b  of  the  rii^,  and  that  it  also  increases  as  the  current  increases.  For 
constant  current  and  length,  eq.  (4)  may  be  simplified  thus: 

Ft  =  kth,  (5) 

in  which  ^  is  a  constant. 

§  18.  In  what  follows  it  will  be  assumed  that  the  motion  of  the  poative 
base  has  reached  a  steady  state,  the  orbit  being  a  circle  of  definite  diameter 
and  period,  and  the  velocity  being  constant.  The  equations  of  motion 
(2)  and  (3),  §  16,  are  now  reduced  to 

-«r(-)   ^F,co.a-Ft, 

and 

o  =  Fi  sin  a  —  Fj. 
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In  the  first  of  these  equations  we  will  put  the  normal  acceleration  o  in 
I^ace  of  r{d$ldt)',  and  then  obtain  with  the  aid  of  eq.  (i),  §  15: 

Ft  -  Fi  cos  a       Ft  -  ki(P  -  P-)  cos  a 
a=  ;;; = .  (6) 

It  has  been  shown  that  the  retarding  force  Ft  increases  with  the 
velocity.  If  we  write  Ft  =  kiv,  we  obtain  from  the  second  equation 
above: 

"  =  ^-^^^£^- 

Since  Fi  cos  «  is  finite,  while  Ft  is  a  central  force  varying  directly  as 
the  distance,  it  is  clear  that  the  condition  for  stable  circular  motion  is 
satisfied. 

§  19.  The  four  types  of  rotation  may  now  be  studied  in  the  light  of 
equations  (6)  and  (7).  In  Fig.  2  were  shown  the  changes  in  frequency/ 
and  diameter  8  of  the  rings  with  increasing  current.  From  these,  the 
curves  in  the  lower  part  of  Fig.  2  have  been  constructed,  showing  the 
linear  velocity  and  normal  acceleration.  The  values  of  v  and  a  were 
derived  from  the  equations 

.   t  -  tJ/ 
and 

a  =  2i^pS. 

The  most  strikii^  conclusion  to  be  drawn  from  the  curves  is,  that  the 
changes  from  ring  to  ring  are  due  almost  entirely  to  changes  in  normal 
acceleration.  The  linear  velocity  remains  remarkably  constant  through- 
out. 

For  Tyj>es  A,  B  and  D,  the  observed  decrease  in  a  as  the  current  in- 
creases may  be  ascribed  to  the  increase  in  the  mass  m,  though  it  must  be 
remembered  that  Ft,  ki  and  kt  also  are  functions  of  the  current. 

Let  us  consider  the  transitions  from  one  type  of  rotation  to  the  next. 
On  passing  from  Type  A  to  Type  B,  a  increases  and  3  decreases,  hence  Ft 
decreases  (eq.  5,  §  17),  and  Fi  cos  a  decreases  i  fortiori  (eq,  6).  Since 
at  the  same  time  f  increases  slightly  (Fig.  2),  it  must  be  that  a  increases 
also  (eq.  7).  Thus  in  Type  B  the  propelling  force  would  seem  to  be  less 
than  in  Type  A,  and  to  be  directed  more  nearly  parallel  with  the  path. 
The  decrease  in  Fi  must  be  due  to  an  increase  in  P',  the  anode  drop 
characteristic  of  the  region  surrounding  the  positive  base.  In  other 
words,  a  modification  in  the  composition  of  the  oxid  occurs  here. 

Between  Types  B  and  C,  a  decreases  and  S  increases,  hence  Ft  increases, 
as  does  also  Fi  cos  «.  Unless  the  resisting  force  Ft  were  greatly  changed, 
this  would  be  expected  to  make  v  increase.     Instead,  v  is  diminished, 
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indicating  a  decrease  in  the  value  of  a.  In  Type  C,  therefore,  the  pro- 
pelling force  Fi  seems  to  be  very  large  and  to  have  a  pronounced  radial 
component. 

§  20.  Type  C,  while  the  most  conspicuous  when  it  appears,  is  also  the 
most  puzzling.  It  ceases  altogether  in  an  atmosphere  of  illuminating 
gas  or  of  nitrogen,  though  the  other  types  persist  until  the  reduction  of 
the  oxid  proceeds  too  far  for  their  continuance.  Free  oxygen  in  the  gas 
around  the  arc  seems  essential  to  the  existence  of  Type  C.  Possibly  at  a 
certain  critical  temperature  there  is  a  sudden  inrush  of  oxygen  around  the 
base  of  the  arc,  lowering  the  drop  in  the  region  close  to  the  positive  base 
and  thus  greatly  increasing  Fi  (cf.  §24).  A  further  increase  in  current 
may  bring  about  a  more  complete  reduction  of  this  surrounding  region, 
so  that  the  original  condition  is  restored.  This  will  have  to  remain  mere 
conjecture  until  more  is  known  of  the  oxids  of  iron  at  high  temperatures. 
At  any  rate,  the  agitated  appearance  of  the  arc  during  Type  C  is  favor- 
able to  such  an  hypothesis. 

A  careful  examination  of  the  spectrum  of  the  arc  before,  during  and 
after  the  appearance  of  Ring  C  failed  to  reveal  any  changes  in  the  promi- 
nent lines  of  iron,  oxygen,  carbon,  or  nitrogen  other  than  a  gradual 
brightening  as  the  current  increased. 

The  cause  of  the  changes  in  Ring  C  with  increasing  current  seems  to  be 
essentially  the  same  as  for  Ring  A. 

1 21.  Type  D  would  appear  to  be  a  continuation  of  Type  B  if  it  were 
not  for  Type  C.  Indeed,  it  may  be,  as  su^ested  above,  that  Type  C 
is  interjected  in  the  midst  of  a  single  type  of  rotations  to  which  both  B 
and  D  belong.  Type  D  seems  governed  by  the  same  laws  as  Type  B. 
The  lack  of  agreement  in  the  values  of  v  in  Fig.  2  results  chiefly  from  the 
difficulty  in  determining  the  diameter.  The  rings  are  so  minute  that 
measurements  on  the  photographic  film  were  very  difficult. 

522.  Lengthening  the  arc  from  3  to  6  mm.  causes  the  frequency  of 
Type  C  to  decrease  from  5  to  10  per  cent.,  that  of  Type  A  to  decrease  at 
a  somewhat  greater  rate.  A  dependence  of  the  frequency  of  Types  B 
and  D  upon  the  length  has  not  been  determined. 

The  change  in  frequency  follows  directly  from  the  observed  decrease  in 
^1  as  the  length  increases  (eq.  4,  §  17).  The  fact  that  the  dependence 
of  frequency  upon  length  is  slighter  than  would  be  expected  from  eq.  4 
is  added  evidence  that  only  a  part  of  the  entire  length  of  arc  is  affected 
by  the  oscillations. 

Reference  has  been  made  (§  7)  to  the  cessation  of  the  rotations  at  about 
five  amperes.  This  takes  place  somewhat  abruptly,  the  diameter  of 
Ring  D  increa^ng  not  only  up  to  3  amp.,  as  shown  in  Fig.  2,  but  beyond 
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this :  as  long  as  the  positive  base  continues  in  motion,  the  amplitude  of 
its  movement  increases,  although  the  form  of  the  ring  becomes  indis- 
tinguishable between  3  and  4  amp.  It  may  be  that  the  positive  base  is 
surrounded  with  a  zone  of  reduced  iron  which  increases  in  width  as  the 
current  increases.  As  long  as  the  current  is  not  too  lai^,  the  positive 
base  pushes  across  this  zone  on  one  side,  and  the  movement  is  maintained. 
But  at  a  certain  critical  current,  in  this  case  about  5  amp.,  the  reduced 
zone  attains  such  a  width  that  the  po^tive  base  fails  to  cross  it  any  longer. 
The  rotations  then  immediately  cease,  except  for  a  few  last  convulsive 
movements  that  can  generally  be  observed. 

§  23.  CondiUons  at  the  Cathode. — When  the  cathode  con^ts  of  a 
globule  of  iron  oxid,  no  rotations  are  ever  observed  except  when  the  arc 
is  so  short  that  the  negative  base  is  influenced  directly  by  the  rotations 
at  the  anode.  One  would  suppose  from  Wehnelt's  investigations  that 
the  cathode  drop  must  be  lowered  at  least  as  much  as  the  anode  drop  by 
the  presence  of  oxid.  It  may  be,  however,  that  even  at  small  currents 
the  cathode  temperature  is  so  high  that  a  zone  surrounding  the  negative 
base  is  reduced  to  the  same  degree  as  the  negative  base  itself.  The  fact 
that  the  negative  terminal  of  the  iron  arc  always  wastes  away  much 
faster  than  the  positive  is  in  agreement  with  this  hypothesis. 

There  is  also  a  quite  different  possibility  that  ought  not  to  be  dis- 
regarded, if  it  is  true  of  iron  oxid*  as  it  is  known  to  be  true  of  certain  other 
oxids  in  the  molten  state,  that  the  substance  conducts  electrolytically. 
For  in  this  case,  as  the  current  passes  through  the  molten  negative 
globule,  there  must  be  a  transfer  of  oxygen  ions  to  the  negative  base  of 
the  arc.  The  amount  of  oxygen  liberated  in  this  way  by  purely  electro- 
lytic conduction  would  amount,  if  two  amperes  flowed  for  five  minutes, 
to  0.05  gram.  Hence  if  the  conduction  is  to  any  conaderable  degree 
electrolytic,  there  may  well  be  a  sufficient  supply  of  oxygen  near  the 
negative  base  of  the  arc,  to  hold  the  cathode  drop  at  a  minimum  value. 
No  data  are  at  present  available  for  deciding  between  these  two  hy- 
potheses. 

At  the  anode,  on  the  other  hand,  the  contrary  would  take  place  if  the 
oxid  conducted  electrolytically.  The  positive  base  would  become  de- 
pleted of  its  oxygen,  thus  increasing  the  reduction  of  the  iron,  and  raimng 
the  anode  drop. 

Observations  with  Other  Gases  and  Anodb  Metals. 
§  24.  Effect  of  Reducing  the  Amount  of  Oxygen  in  the  Gas  Around  the 
Arc. — The  arc  burned  in  air  at  atmospheric  pressure,  but  the  front  of  the 
>  Rsach.  PhjF*.  Zdtachr..  5.  p.  375.  1904. 
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tube  was  closed  by  a  glass  window  so  that  the  oxygen  gradually  became 
exhausted,  chiefly  by  combination  with  the  carbon  that  served  as  cathode. 
The  following  changes  took  place : 

All  four  types  of  rotation  came  at  Icrger  currents  than  usual.  This 
was  probably  due  in  part  at  least  to  the  fact  that  the  globule  was  cooler 
and  less  plastic  than  in  free  air,  and  the  positive  base  less  concentrated, 
thus  requiring  a  greater  current  to  produce  the  conditions  necessary 
for  rotations.  As  the  reduction  proceeded,  Type  C  was  the  first  to  cease, 
then  Type  A,  while  Types  B  and  D  seemed  to  merge  together.  Then 
for  a  time  only  Type  D  existed,  continuing  up  to  a  current  of  about  ten 
amperes;  and  after  prolonged  burning,  the  globule  was  so  far  reduced 
that  no  rotations  whatever  could  be  detected. 

These  facts  all  agree  with  the  theory  that  the  rotations  are  due  to 
different  oxids,  and  that  Type  D  represents  the  oxid  of  lowest  oxygen 
content. 

Opposite  effects  were  produced  when  a  current  of  oxygen  was  allowed 
to  play  gently  around  the  arc  in  air.  The  appearance  of  Type  C  came 
at  a  smaller  current,  for  example,  than  under  normal  conditions. 

Observations  of  magnetic  deflections  (§  17)  in  air  deficient  in  oxygen 
showed  that  the  central  force  Fj  is  of  approximately  the  same  magnitude 
when  the  oxygen  is  exhausted  and  no  rotations  are  present,  as  in 
normal  air. 

5  25.  Observations  in  Air  at  Reduced  Pressure. — ^The  discharge  tube 
was  connected  to  a  water  aspirator,  and  observations  made  at  various 
pressures  between  atmospheric  and  420  mm.  of  mercury.  In  order  to 
Iteep  up  the  supply  of  oxygen,  a  slow  current  of  air  was  allowed  to  be 
drawn  through  the  tube,  the  rate  of  flow  being  so  regulated  as  to  hold  the 
pressure  at  the  desired  value.  In  spite  of  this,  the  globule  became  some* 
what  reduced,  so  that  the  observed  changes  were  in  part  due  to  lack  of 
sufficient  oxygen. 

The  changes  observed  with  Types  A,  6  and  D  were  practically  the  same 
as  at  atmospheric  pressure  with  deficient  supply  of  oxygen,  and  the  same 
reasoning  is  doubtless  applicable  to  this  case  also.  Type  C  on  the  other 
hand  behaves  quite  differently.  A  decrease  in  pressure  is  followed 
instantly  by  a  lowering  of  the  pitch.  A  lai^er  and  lat^r  current  is  re- 
quired to  introduce  Type  C,  until  at  420  mm.  the  current  is  4.5  amp., 
frequency  385  (the  lowest  I  have  recorded),  and  diameter  of  ring  is 
greatly  increased.  The  normal  acceleration  is  evidently  greatly  dimin- 
ished at  reduced  pressure. 

This  is  the  more  surprising,  since  there  is  evidence  from  magnetic 
observations  at  low  pressure  that  the  central  force  fj  increases  slightly 
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as  the  pressure  is  lowered.  It  must  be  that  the  outwardly  directed 
component  of  the  propeUIng  force  increases  g:reatly  as  the  pressure 
decreases. 

One  would  expect  that  a  reduction  of  the  gas  pressure  would  lower  the 
tem[>erature  of  dissociation  of  the  oxids,  and  thus  cause  the  rotations  to 
come  at  a  smaller  current.  Thus  Walden*  finds  that  the  dissociation 
temperature  of  FejO*  is  about  thirty  degrees  lower  at  +20  mm,  than  at 
atmospheric  pressure.  On  the  other  hand,  we  must  remember  that  at 
low  [>res5ure  the  globule  is  cooler,  the  positive  base  more  diffuse,  and  that 
the  positive  drop  is  probably  less  than  at  atmospheric  pressure.* 

§  26.  Tests  with  Other  Metals. — In  concludon,  brief  mention  may  be 
made  of  attempts  to  obtain  the  rotations  with  anodes  of  other  materials 
than  iron  oxid.  Only  those  substances  were  used  that  form  fairly 
Tegular  liquid  globules.  In  most  cases  the  cathode  consisted  of  carbon. 
The  anode  was  either  in  the  form  of  a  rod,  or  a  pellet  resting  on  a  carbon 
holder. 

Nickel. — ^After  the  anode  had  become  oxidized,  the  positive  base  of 
the  arc  showed  much  agitation  at  currents  between  2  and  5  amp.  No 
ring  a>uld  be  seen,  but  the  rotating  mirror  revealed  irregular  periodic 
movements  of  frequency  ranging  between  400  and  4,000.  As  in  the  case  of 
Type  D  of  the  iron  arc  rotations,  the  frequency  became  Jess  as  the  current 
increased. 

In  the  neighborhood  of  1.4  amp.,  the  arc  from  a  nickel  oxide  anode 
presents  an  extraordinary  ap[>earance.  Two  or  three  arcs  seem  to  spring 
into  being,  all  moving  rapidly  about,  while  in  the  telephone  (§  3)  a  strange 
medley  of  musicfil  notes,  covering  a  range  of  two  octaves,  is  heard. 

Cobalt. — Between  1.4  and  1.75  amp.  the  positive  base  is  agitated  and  a 
soft  shrill  whistle  can  at  times  be  heard.  The  rotating  mirror  shows 
irregular  groups  of  waves  of  about  the  same  size  as  those  in  Type  C  of 
the  iron  arc.     The  anode  was  always  oxidized. 

These  facts  all  point  to  processes  in  the  nickel  and  cobalt  arcs  similar 
to  those  in  the  iron  arc,  though  the  globule  at  the  anode  is  evidently  too 
little  homogeneous,  or  conditions  are  otherwise  too  unfavorable,  for  the 
formation  of  steady  rotations. 

Copper. — No  periodic  movement  of  the  positive  base  could  be  detected, 
though  the  arc  often  moved  about  irregularly,  as  is  the  case  with  any  arc 
at  small  currents.  When  the  copper  oxid  anode  is  in  the  form  of  a  bead 
resting  on  a  carbon  holder,  it  often  falls  into  a  condition  like  the  spheroidal 
Btate,  owing  to  imperfect  thermal  contact  with  the  carbon.    At  such 

1  WaldcD,  Jour.  Amer.  Chem.  Soc,.  30,  p.  1350,  igoS. 
*  Cf.  CbUd.  thla  journal,  i^i,  p.  139,  1904. 
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times  a  faint  humming  note  is  sometimes  heard.  Still,  there  is  no  en- 
dence  that  at  the  anode  of  the  copper  oxid  arc  there  are  forces  of  the  same 
nature  as  those  in  the  case  of  iron. 

Silver. — ^Though  the  silver  does  not  oxidize,  its  behavior  on  a  carbon 
holder  is  much  like  that  of  copper  oxid.  The  positive  base  moves  about 
continually,  but  its  motion  is  comparatively  slow,  and  there  is  absolutely 
no  sign  of  such  forces  as  produce  the  rotations. 

Tin. — A  white,  fleecy  oxid  soon  forms  in  air,  but  the  arc  prefers  to 
burn  from  the  molten  metal  rather  than  from  this  oxid,  and  there  is  no 
sign  of  any  unusual  movement. 

Mercury. — The  carbon  cathode  became  red  hot,  even  with  a  current 
as  low  as  0.5  ampere.  The  positive  base  seemed  quite  stationary,  the 
arc  burning  from  the  metal,  not  from  the  oxid  that  formed;  then  after 
a  few  seconds  it  sprang  suddenly  to  a  new  position  on  the  surface  of  the 
mercury,  and  kept  this  process  up  at  intervals  as  long  as  the  arc  burned. 
A  high-pitched  note  was  often  heard.  The  arc  formed  a  narrow  odumn 
of  vapor  at  right  angles  to  the  mercury  surface,  extending  almost  to  the 
cathode,  where  it  bent  abruptly  and  continued  for  a  short  distance  almost 
parallel  to  the  surface  of  the  cathode,  finally  ending  at  a  bright  spot  on 
the  carbon.  This  is  mentioned  because,  whenever  the  note  was  heard, 
the  vapor  in  the  neighborhood  of  the  cathode  seemed  agitated,  as  if  the 
sound  proceeded  from  it  rather  than  fronrthe  anode. 

From  these  experiments  it  seems  clear  that  forces  at  the  anode  of  the 
arc,  tending  to  keep  the  positive  base  tn  a  circular  motion,  are  possible 
only  when  the  anode  consists  of  certain  metallic  oxids  in  a  smooth  and 
molten  state. 

My  thanks  are  doe  to  Messrs.  A.  C.  Stevens,  H.  P.  Frost  and  F.  H. 
Frame,  by  whom  many  of  the  observations  recorded  above  were  obtained. 

SUIIUARY. 

The  arc  in  air  from  an  oxidized  iron  anode  exhibits,  under  normal  con- 
ditions, four  types  of  rotation,  which  are  called  for  convenience  Types  A, 
B,  C  and  D.  They  occur  in  succession  as  the  current  is  increased  from 
about  1.5  to  2.5  amp.,  though  Type  D  generally  lasts  up  to  about  5  amp. 
The  characteristic  features  of  each  type,  including  its  frequency,  ampli- 
tude, and  appearance,  are  described,  and  photographic  records  of  the 
movements  at  the  anode,  tc^ther  with  the  accompanying  fluctuations 
tn  voltage  and  current,  are  shown. 

Reasons  are  given  for  believing  that  these  rotations  owe  their  existence 
to  a  difference  between  the  potential  drop  at  the  positive  base  of  the  arc 
and  that  characteristic  of  the  surrounding  region.    At  the  positive  base, 
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the  oxid  is  more  reduced  and  the  potential  drop  is  therefore  greater;  the 
high  temperature  probably  enhances  the  effect  still  further. 

In  }§  15  and  16  the  conditions  for  the  production  of  stable  rotations 
are  discussed,  and  in  $  18  equations  of  motion  of  the  positive  base  are 
derived.  A  comparison  of  these  equations  with  the  observed  data 
throws  some  light  on  the  nature  of  the  forces  ztctii^  on  the  arc.  A  more 
complete  discussion  of  the  dynamics  of  the  rotations  cannot  be  carried 
out,  owing  to  the  impossibility  of  securing  sufficient  data.  The  very  high 
temperature  of  the  arc  makes  it  impossible  to  determine  what  oxids  are 
at  or  near  the  positive  base. 

Observations  with  other  metals  and  in  other  gases  tend  in  the  main  to 
confirm  the  conclusions  reached  with  iron  oxid.  Oxids  of  nickel  and 
cobalt  show  some  evidence  of  forces  similar  to  those  in  the  iron  arc. 

In  concluuon,  a  word  iray  be  said  concerning  the  proposal  made  at 
the  recent  conference  of  the  Intematiooal  Union  for  Cooperation  in 
Solar  Research,  that  for  the  production  of  reference  spectra  of  wave- 
length  leas  than  4,000,  the  iron  arc  with  a  current  of  four  amperes  or  less 
be  used.  As  we  have  seen,  at  all  currents  less  than  five,  rotations  of 
some  one  of  the  four  types  generally  occur  when  the  iron  arc  burns  in 
air.  As  the  dischai^e  passes  from  one  type  to  the  next,  one  woukl  not 
expect  the  slight  changes  in  the  oxid  at  the  anode  to  have  any  effect  on 
the  spectrum  of  the  iron  vapor.  The  writer,  using  a  grating  of  medium 
resolving  power,  could  not  visually  detect  any  characteristic  change  in 
the  spectrum  when  the  arc  passed  through  Type  C.  Still,  it  would  seem 
defflrable,  before  adopting  as  standard  the  iron  arc  at  small  currents,  to 
be  quite  sure  on  this  point.  Moreover,  the  fact  that  a  part  of  the 
column  of  vapor  is  In  motion  durii^  the  rotations  makes  it  somewhat 
difficult  to  use  any  restricted  portion  of  the  arc  as  source  of  l^ht.  This 
is  especially  true  when  the  current  lies  between  3  and  2.5  amperes  (Type 
C).  By  letting  the  arc  bum  in  a  gas  that  is  sufficiently  deficient  in 
oxygen,  however,  the  rotations  can  be  entirely  eliminated  (§24). 
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A  DIRECT  METHOD  OF  FINDING  THE  VALUE  OF 
MATERIALS  AS  SOUND  ABSORBERS. 

By  Hawi,by  O.  Tavkjr. 

THE  sound-absorbing  quality  of  materials  has  been  recognized  for 
some  time  as  having  an  important  bearing  upon  architectural 
acoustics.  In  1873,  T.  Roger  Smith,  M.R.I.BJ\.,  a  leading  British 
architect,  wrote  :• 

"Where  there  is  too  much  resonance  in  a  room,  carpets  or  curtains 
may  be  advantageously  employed  to  lessen  it;  in  fact,  to  absorb  the 
injurious  excess  of  sound,  and  where  there  is  an  echo,  a  curtain  judiciously 
hung  will  have  the  effect  of  deadening  or  stopfnng  the  sound  before 
reaching  the  echoing  surface.  This  expedient  is  well  known,  and  often 
successfully  employed ;  but  carpets,  as  a  remedy  for  excessive  resonance, 
have  perhaps  not  been  so  frequently  made  use  of." 

Since  1895,  extensive  investigations  have  been  carried  on  at  Harvard 
Univeraty  by  Professor  Wallace  C,  Sabine*  to  determine  some  quanti- 
tative relations  between  the  size,  reverberation  and  sound-absorlnng 
power  of  a  room,  and  he  placed  his  results  in  the  well-known  form: 

.171 K 

where  a  is  the  absorbing  power  of  a  room  of  volume  V,  and  t  is  the  time  of 
decay  of  the  residual  sound  of  an  organ  pipe  whose  intensity  in  terms  of 
"minimum  audibility"  had  been  previously  determined.  As  determined 
by  Sabine,  a  room  is  most  satisfactory  for  speaking  purposes  when  t 
has  a  value  of  about  1.5  seconds,  thus  the  proper  amount  of  absorb- 
ing power,  a,  is  limited.  (The  above  equation  does  not  apply  to  echoes 
and  defects  due  to  the  shape  of  a  room.)  Since  the  sound-absorbing 
power  of  an  auditorium  is  thus  limited  to  a  narrow  range  of  values,  the 
consideration  of  absorption  is  of  great  importance  in  auditorium  design 
and  construction. 

The  amount  of  absorption  is  equal  to  the  sum  of  the  absorbing  powers 
of  the  different  materials  composing  the  boundii^  surfaces  and  the 

■  T.  Roger  Smith,  "Acoustics  of  Public  Buildings."  p.  39. 

■  Prof.  W.  C.  Sabine.  Am.  Arch.,  Vol.  LXVIII..  April  7. 31.  May  5,  la,  36,  Juueg,  16,  ipoo. 
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furniture  of  the  room;  the  absorbing  power  of  the  materia)  is  equal  to 
the  product  of  its  area  and  the  amount  of  sound  absorbed  by  unit  area. 
Sabine  rated  the  amount  of  sound  absorbed  by  unit  area  of  open  window 
as  I,  then  the  amount  absorbed  by  a  material  which  reflects  a  part  of  it 
is  always  less  than  i.  This  fraction  is  the  coefficient  of  absorption  of 
Bound  for  a  given  material. 

Besides  the  power  of  materials  to  absorb  sound  reflected  from  their 
surfaces,  it  is  desirable  also  to  know  the  power  of  materials  to  absorb 
sound  transmitted  through  them.  The  application  of  this  to  architecture 
extends  beyond  the  acoustics  of  a  single  room  and  has  to  do  with  the 
isolation  of  one  room  from  sounds  produced  in  another.  The  interior 
finish  of  rooms  is  of  no  consequence  here,  but  the  filling  in  the  partitions 
and  in  the  space  under  the  floors  is  the  important  thing.  The  fraction 
of  sound  absorbed  by  unit  thickness  of  a  given  material  may  be  called 
the  coefficient  of  absorption  of  the  material  for  transmitted  sound,  or  the 
insulation  coefficient  of  the  material  for  sound. 

To  find  the  coefficient  of  absorption  of  a  material  for  sound  reflected 
from  it  the  method  usually  employed  is  to  bring  a  known  amount  of  the 
material  in  question  into  a  room  and  make  observations  for  the  time 
of  decay  of  the  residual  sound,  applying  the  formula  above  stated. 
This  may  be  called  the  reverberation  method.  The  purpose  of  this 
investigation  is  to  devise  a  direct  method  of  finding  the  coeffident  of 
absorption  of  materials  for  sound.  Such  a  method  is  formulated  and 
following  is  the  theoretical  baas: 

When  a  train  of  prt^ires^ve  waves,  P  (Fig.  i),  of  amplitude,  p,  moves 
in  the  podtive  direction,  say,  then  all  points  of  the  medium  in  the  path  of 
the  waves  move  through  a  distance  2p,  as  shown  by  the  shaded  portion  of 

Fig.  I. 

If  the  prc^ressive  waves  strike  an  object,  S  (Fig,  2),  and  a  portion  of 


Fig.  1.  Fig.  2. 

each  is  reflected,  these  reflected  waves,  R,  of  amplitude,  r,  will  travel  in 
the  negative  direction,  and  the  two  trains  of  waves  will  meet  and  combine. 
Some  points  of  the  medium  will  then  move  through  a  greater  and  others 
through  a  less  distance  than  before,  as  shown  by  the  shading  in  Fig.  3. 
The  maximum  amplitude  (where  crest  meets  crest  and  trough  meets 
trough)  will  he  p  +  r,  and  the  minimum  amplitude  (where  the  crests  of 
P  meet  the  troughs  of  R,  and  vice  versa)  will  be  ^  —  r. 
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A  Special  case  of  this  pheoomenoo  is  when  the  progressive  and  reflected 
waves  have  the  same  amplitude,  p.  The  resultant  maximum  amplitude 
is  then  2p,  and  the  minimum  amplitude  is  zero.  This  is  the  ordinary 
stationary  or  standing  wave.  In  order  to  have  no  motion  at  the  nodes 
the  two  waves  must  be  equal  in  amplitude,  which  is  only  the  case  when 
there  is  no  absorption  at  the  reflecting  surface. 

The  distance  through  which  the  medium  moves  varies  from  point  to 
point,  as  represented  by  the  amplitude  of  the  envelope  in  Fig.  3.  In  the 
case  of  sound  waves,  this  movement  is  the  longitudinal  vibration  of  the 
air  particles,  the  intensity  of  the  sound  being  greatest  where  the  amplitude 
of  vibration  is  greatest.  The  coefficient  of  absorption  of  sound  is  a 
function  of  sound  intensity  and  therefore  of  the  squares  of  the  amplitudes 
of  the  progressive  and  reflected  waves  and  of  the  resultant  stationary 
wave  (the  envelope,  F^.  2).  The  intensity  of  sound  in  the  progresdve 
wave  is  (kp)*,  and  the  intensity  of  sound  in  the  reflected  wave  is  (kr)* 
(where  ib  is  a  proportionality  constant).  This  gives  a  coefiicient  of 
reflection, 

f« 
"'?■ 

If  the  maximum  intensity  of  sound  (corresponding  to  the  maximum 
amplitude  of  the  envelope.  Fig.  2)  is  called  m,  and  the  minimum  intensity 
(corresponding  to  the  minimum  amplitude  of  the  same  envelope)  is 
called  n,  then 

m-  (p  +  r)\ 

n-(J>-  f)«, 
from  which 

»>>  +  n> 

P ; — . 


Substituting  these  expressions  for  p  and  r  in  that  for  the  coefficient 
of  reflection  of  sound,  we  have 

(tn'  -  .■')■ 
'-(»'+»>)■• 
The  coeflident  of  absorption  of  sound,  a,  is  the  fraction  of  sound  not 
reflected,  or 

(w*  -  «*)'  4 

To  And  the  coeflicient  of  absorption,  a,  of  a  material,  means  must  be 
provided  (I.)  for  isolating  a  train  of  sound  waves  having  a  ui^le  period 
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or  pitch  and  a  constant  amplitude,  (II,)  for  causing  this  train  <A  waves  to 
be  reflected  upon  the  surface  whose  absorption  is  demred,  and  (III.) 
for  measuring  the  maximum  and  minimum  intensities,  m  and  ft,  of  the 
resultant  stationaty  wave. 

Mbth(K>  of  Proceduke. 

I.  A  tone  of  uniform  intensity  waa  produced  by  supplying  an  organ 
pipe  with  air  from  a  pneumatic  tank.  This  tank  ctHimsted  of  two  sheet- 
metal  cylinders  closed  at  one  end,  the  smaller  of  which  was  about  9 
inches  in  diameter  and  1 8  inches  high  and  was  placed,  open  end  downward, 
into  the  larger  which  was  half  full  of  water.  Air  was  drawn  off  by  means 
of  a  faucet  on  top  of  the  smaller  tank  and  conducted  to  the  organ  pipe 
through  >^-inch  tubing.  The  pressure  of  the  air  was  regulated  by 
adjusting  a  stop  against  which  a  rod  soldered  to  the  valve  of  the  faucet 
would  strike  when  the  faucet  was  open  the  desired  amount.  The  inner 
tank  was  weighed  down  by  about  25  pounds  of  iron,  thus  making  the  pres- 
sure uniform  for  almost  the  entire  air  capacity. 

To  obtain  a  umple  tone  sound  was  passed  through  what  might  be 
called  a  tone  screen  which  absorbed  all  the  overtones  leaving  nothing 
but  the  fundamental.  This  tone  screen  is  based  upon  Quincke's  modi- 
flcation  of  Herschel's  interference  tubes  described  by  Rayleigh.* 

If  CD,  Fig.  3,  is  tuned  to  the  pitch  of  sound  waves  traveling  from  A 


Fig.  3.  F«.  4. 

to  B,  and  the  opening  at  C  is  as  large  as  the  section  of  the  tube  AB,  no 
sound  will  reach  B — it  is  completely  absorbed  by  the  tube  CD. 

The  truth  of  this  was  tested  by  taking  a  wooden  flue,  F  (Fig.  4),  of 
square  cross-section  9  centimeters  on  a  side  and  I  IS  centimeters  loi^, 
[dadng  a  cap  over  end,  E,  through  which  projected  a  H-i'*ch  glass  tube 
from  a  sound-measuring  instrument,  /,  and  placing  the  interference 
tube  or  tone  screen  at  end  B.  The  tube  AB  was  an  inch  hole  bored  in  a 
block  of  wood  6  inches  thick,  and  tube  CD  was  a  one-inch  glass  tube, 
the  end  D  being  a  cork  piston  which  allowed  tuning  of  the  tube.  When 
the  tube  CD  was  removed,  sound  from  the  stopped  organ  pipe,  P,  passed 
through  tube  AB  into  the  flue,  F,  and  the  measuring  instrument  indicated 

>  Lord  RaykEib.  Tbeoty  of  Sound.  VoL  II..  p.  3io. 
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a  lai^  deflection.  When  the  tube  CD  was  in  place  and  tuned  to  the 
organ  pipe,  the  deflection  of  the  measuring  instrument  was  zero.  (The 
tube  CD  was  tuned  to  the  fundamental  of  the  organ  pipe  and  hence  also 
to  its  retinue  of  overtones,  thus  all  of  the  sound  of  the  organ  pipe  was 
absorbed.)  When  the  tube  was  placed  slightly  out  of  tune  with  the 
organ  pipe,  a  small  deflection  was  obtained,  and  the  deflection  became 
larger  as  the  dissonance  was  increased. 

To  isolate  the  fundamental  tone  of  the  organ  pipe  tn  the  flue,  F,  four 
tubes  similar  to  CD,  tuned  one  to  each  of  the  first  four  overtones  of  the 
organ  pipe,  were  placed  around  the  passage  AB.  Since  any  overtones 
above  the  fourth  for  the  organ  pipe  used  were  very  weak  if  present  at  all, 
this  constituted  a  very  efficient  tone  screen.  The  tone  in  the  flue  was 
found  to  be  simple  by  finding  the  sound  intensity  for  each  centimeter 
throughout  th^  length  of  the  flue  and  plotting  a  curve  of  inten^ty  eigainst 
distance.     The  curve  was  that  of  a  simple  tone. 

A  tone  of  uniform  intensity  having  been  obtained  from  an  organ  pipe, 
and  its  fundamental  isolated  in  the  flue,  F,  we  must  now  ascertain  whether 
or  not  the  amplitude  of  the  wave  in  the  flue  is  constant  throughout  the 
length  of  the  flue,  as  it  is  in  Figs.  I  and  2.  To  this  end,  the  flrst  requi^te 
is  a  flue  of  uniform  cross-section  to  prevent  the  wave-front  from  spreadti^ 
out  and  thus  diminishing  in  amplitude.  But  if  the  flue  lining  absorbs 
the  wave,  the  effect  will  be  the  same  as  a  widening  flue — the  wave-front 
will  spread  out  and  both  the  pr<^Tes^ve  and  reflected  waves  will  di- 
minbh  in  amplitude  as  they  advance. 

Any  detrimental  presence  of  this  lining  absorption  may  be  found  by 
observing  the  maximum  intensities  all  along  the  flue;  they  should  be 
practically  equal,  otherwise  the  lining  of  the  flue  is  absorbing  sound. 
Following     are    some 


— ^ 

i^ 

ll^ 

S^ 

made  with  a  wooden  flue  and  with 
the  flue  lined  with  felt  (Fig.  5). 

Lining  absorption  occurs  in  both 
cases,  but  a  marked  diminution 
from  B  toward  R  is  seen  in  the  case 
of  the  felt.  A  smooth,  painted 
wood  lining  shows  practically  uni- 
form maxima. 
In  connection  with  flue  lining,  the  table  of  observations  indicates  that 
the  wave-length  shortens  as  the  lining  absorption  increases.  This  means 
a  decrease  in  the  velocity  of  sound  with  increase  of  absorption.  That 
the  velocity  of  sound  in  pipes  is  not  a  function  of  the  properties  of  the 
gaseous  medium  only  but  also  of  the  absorption  of  the  linit^  of  the  pipe 


Fig.  5. 
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may  be  simply  shown  by  placing  a  strip  of  carpet  along  one  side  of  a 
middle  C  organ  pipe  and  sounding  the  pipe.  Upon  sounding  without  the 
carpet  the  pitch  is  seen  to  rise  nearly  a  semitone. 

To  bring  out  more  clearly  that  sound  absorption  plays  a  part  in  chang- 
ing the  velocity  of  sound  in  a  pipe,  and  that  the  phenomenon  ia  not  due 
entirely  to  the  elastic  properties  of  the  walls  of  the  pipe,  the  following 
experiments  were  made: 

One  side  of  an  organ  pipe  was  replaced  by  a  removable  trough,  AB 
(Fig.  6),  stopped  at  the  ends  and  about  an  inch  deep.    The  pipe  was 
sounded  with  this  trough  in  place  and  the  tone  identified  by  means  of  a 
cylindrical  resonator  held  to  the  ear.     Between  the  trough  and  pipe  were 
placed  successively  a  smooth  sheet 
of  cardboard  and  a  heavy  fibrous 
sheet  like  blotting  paper,  and  the 
resulting  pitches  of  the  pipe  were 

identified;  then  the  trough  was  filled  with  hair  felt  covered  successively 
with  the  materials  above  mentioned,  and  the  resulting  pitches  of  the  pipe 
identified;  the  trough  was  then  filled  with  a  block  of  wood  and  the  pitch  ' 
of  the  pipe  identified.    The  result  is  ^ven  in  the  following  table  (Fig.  7). 
(The  order  designated  by  the  crosses  from  the  top  downward  gives  the 
order  that  the  materials  were  used  with  the  pipe  from  the  inade  outward.) 
When  the   felt,  which  is  high  in 
sound-absorbing  quality  and  low  in 
elasticity,  is   used  alone,    no   tone 
could  be  produced.    The  absorbing 
power  of  the  wall  of  the  pipe  de- 
creases as  we  progress  toward  the 
p-    ^  right  in  the  table,  but  it  is  seen  that 

the  elasticity  of  the  surface  exposed  to 
the  sound  waves,  and  that  of  the  under  layers,  has  no  regular  change  as 
we  pass  through  this  series.  Take  the  tone  mit,  for  instance ;  the  elasticity 
of  the  wall  consisting  of  fiber  on  wood  is  not  the  same  as  that  of  fiber  on 
card  over  empty  trough,  and  that  of  the  latter  is  not  the  same  as  that  of 
fiber  on  card  on  felt.  For  all  of  these  combinations,  however,  the  tone 
(and  hence  the  velocity  of  sound)  is  the  same. 

An  obvious  relation  between  the  elasticity  and  the  sound-absorbing 
quality  of  a  material  is  that,  in  general,  as  the  former  increases  the 
latter  decreases,  but  these  phenomena  lead  to  the  conclusion  that,  while 
elasticity  in  the  walls  of  a  pipe  may  have  some  influence,  direct  or  in- 
direct, upon  the  velocity  of  sound  in  the  air  column,  the  velocity  certainly 
decreases  with  increase  of  the  sound-absorbing  power  of  the  wal\a  of  the 
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The  influence  on  the  velocity  of  sound  in  pipes  due  to  a  change  in  radius, 
elasticity  and  strei^^th  of  wall,  as  well  as  the  effect  of  compressibility 
and  the  temperature  of  the  vibrating  gas  column,  has  been  observed 
by  Helmholtz,  Kundt,  Stokes,  Schneebeli,  Seebeck,  Kirchhoff,  Rayleigh, 
Korteweg,  Dorsing,  and  others.*  Korteweg's  formula*  for  the  velocity 
<rf  sound  in  pipes,  

where  c  and  c'  are  the  velocities  in  free  air  and  in  a  pipe,  respectively, 
C  is  the  compressibility  of  the  fluid,  E  is  the  modulus  of  elasticity  of  the 
material  of  the  walls  of  the  pipe,  and  e  is  d/r,  where  d  is  the  strength  of  the 
wall  and  r  the  radius  of  the  pipe,  gives  a  relation  for  the  velocity  of  sound 
in  the  pipe  to  the  radius. 

This  relation  is  shown  by  the  following  curve  (Fig.  8),  taking  C  equal 
to  10  X  ID"',  E  equal  to  10  X  lo"  and  d  equal  to  2.5. 

Except  for  tubes  of  very  small  diam- 
eter, this  formula  gives  a  decrease 
in  velocity  for  an  increase  of  radius. 
An  increase  in  the  radius  of  an  organ 
pipe  causes  a  lowering  in  the  pitch 
f*  8.  of  the  pipe;  also,  from  the  experiment 

given  above,  an  increase  in  the  sound- 
absorbing  power  of  the  walls  of  a  pipe  causes  a  lowering  of  the  pitch  of 
the  pipe,  therefore,  increasing  the  absorbing  power  of  the  pipe  acts  in 
the  same  way  as  increasing  the  radius  of  the  pipe. 

T.  Boehm,  in  his  book,  "The  Flute  and  Flute  Playing"  (translated 
by  D.  C.  Miller),  speaks*  of  the  "flattening  influence  of  the  cork,  mouth 
hole  and  tone  holes."  This  flattening  is  undoubtedly  an  effect  of  the 
sound-absorbing  power  of  the  holes,  or  of  that  which  covers  them  in 
playing. 

II.  If  the  flue,  F  (Fig.  4),  were  infinitely  long,  there  would  then  be 
present  in  it  a  train  of  progressive  sine  waves,  as  shown  in  Fig.  i .  Every- 
where in  the  flue  the  sound  would  have  the  same  inteimty ;  there  would 
be  no  reflected  wave  and,  in  the  formula,  m  and  n  would  be  equal  and  ot 
would  be  unity.  Thus  all  sound  is  absorbed  by  an  infinitely  long  flue. 
If  a  surface  (5,  Fig.  2)  be  placed  at  the  end,  E,  of  the  flue,  F  (Fig.  4), 
which  reflects  part  of  the  sound,  then  the  intensity  throughout  the  flue 


1  Auerbach.  Handbuch  der  Phytik.  Aknstik,  1909.  A.  Winkdmi 
of  Sound,  Rayleigh,  Vol.  II..  pp.  ap.  59,  317.  3^6. 

■  Auerbach,  Haadbuch  der  Pbyslk,  Winlcelmann,  p.  539. 
■T.  Bo«ha,  "The  Flute  ADd  Flute  PlaTing,"  p.  iB. 
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would  no  longer  be  uniform  but  would  consist  of  maximum  and  minimum 
regions,  as  shown  in  Fig.  2.  If  the  intensities,  m  and  n,  can  be  measured, 
then  the  coefficient  of  absorption,  a,  may  be  computed  by  means  of  the 
fcMinula. 

In  u^ng  the  flue  in  this  way,  the  end  where  the  absorbing  material  is 
placed  must  be  closed  air-tight  with  a  cap  in  order  not  to  have  any  "open 
end  pipe"  effect  on  the  wave  in  the  flue.  If  absorbing  material  has  the 
inherent  property  of  affecting  sound  waves  as  if  the  end  of  the  flue  were 
partially  open  (thus  sending  back  waves  with  phase  shifted  one  half 
wave-length),  this  interference  would  constitute  absorption  to  the  extent 
that  it  existed,  and  the  material  would  behave  to  sound  in  this  way 
wherever  it  was — whether  it  was  stopping  the  end  of  a  flue  or  decorating 
the  wall  of  a  room- 
Any  other  "open  end  pipe"  effect  of  the  flue  must  be  stopped.  If  the 
flue  is  a  metallic  cylinder,  4  or  5  inches  in  diameter,  all  crevices  at  die  end, 
■E  (Fig.  9),  may  be  done  away  with  by  means  of  the  construction  shown — 
a  shrunk-on  collar,  s,  over  the  finished  surface  of  which  the  metallic  cap, 
c,  slides  on  and  off.  The  absorbing  material,  S,  is  placed  at  the  end  of 
the  flue,  backed  by  any  material,  G,  such  as  wood,  that  it  is  desired  to  use. 


Fig.  9.  Fig.  10. 

The  flue  used  in  the  experimental  work  was  made  of  wood  of  the  dimen- 
sions already  given.  Its  end,  E  (Fig.  10),  was  provided  with  a  wooden 
cap,  c,  which  served  to  hold  the  material,  S,  snugly  against  the  flue  and 
to  dose  the  end  as  neaHy  air-t^ht  as  possible. 

III.  In  the  search  for  means  for  measuring  the  intensity  of  sound 
tests  were  made  of  everything  of  any  promise,  and  telephone  receivers 
and  transmitters,'  strong  and  weak  field  galvanometers,  molybdenite 
and  silicon  rectifiers,  barretters'  and  microradiometers*  all  figured.  The 
Rayleigh  disc*  was  finally  jidopted  as  the  most  reliaUe  and  sensitive 
sound  measuring  instrument. 

'  Prof.  G.  W.  Pierce,  Proc.  Am.  Acad..  Vol.  XLIII..  13.  p.  377.  ipoB. 

*  Prof.  A.  E.  Kennell]'.  Trans.  InternaC.  Elect.  Cong.  St.  LouU,  1904,  Vol.  III.,  pp.  415-437, 
190J;  Bela  Gad,  Bngr.,  105,  p.  34,  Jan.  3,  1908. 

'Prof.  F.  R.  Watson,  Phys.  Rbv.,  aS.  p,  38s.  1909. 

«  Lord  Rayleigh,  PhU.  Mag.,  Yd.  XIV.,  p.  186,  1883. 
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The  disc  used  was  made  of  mica,  i  cm.  in  radius,  suspended  on  a 
quartz  fiber  about  10  cm.  long,  a  small  mirror  being  fixed  to  the  top  of 
it  like  the  mirror  of  a  D'Arsonval  galvanometer,  but  when  the  disc  was 
turned  through  an  angle  of  45°,  the  mirror  faced  the  front.  It  but^  in 
a  little  wooden  box  with  a  glass  front  and  two  one-inch  glass  tubes  led 
into  opposite  sides  of  the  box  so  that,  virtually,  the  disc  was  suspended 
near  the  center  of  a  one-inch  glass  tube.  This  tube  was  stopped  at  both 
ends  with  corks,  and  was  of  such  a  length  as  to  be  in  resonance  with  the 
sound  employed.  A  one-half-inch  glass  tube  about  three  feet  long  (the 
length  adjusted  to  resonance  with  the  pitch  employed)  pierced  one  of 
the  corks  and  served  to  deliver  the  sound  energy  to  the  disc.  A  sound 
at  the  end  of  the  long  tube  causes  the  air  in  the  tube  to -vibrate,  and  an 
antinode,  or  region  of  greatest  velocity  of  air  particles,  is  formed  where 
the  disc  hai^.  As  is  well  known,  the  disc  tends  to  set  itself  at  right 
angles  to  the  direction  of  motion  of  the  air  stream,  and  turns  through 
an  angle  which  is  a  measure  of  the  intensity  of  the  sound  at  the  end  of 
the  long  tube. 

The  equation  of  the  torque  acting  upon  the  suspended  disc,  as  worked 
out  by  W.  Kdnig,'  is 

Af  =  4/3pfV  sin  29, 

where  M  is  the  moment  of  the  couple  due  to  the  stream  of  density  p,  flow- 
ing with  a  velocity  v,  and  r  is  the  radius  of  the  disc  whose  normal  makes 
an  angle  ff  with  the  direction  of  the  undisturbed  stream.  In  the  case  of 
the  sound  vibrations  the  velocity  v  would  be  altematti^;  and  the  air 
particles  would  move  with  simple  harmonic  motion,  thus  the  eneigy  due 
to  the  vibrations  would  be  proportional  to  the  mean  square  velodty. 
W.  Zernov  has  shown*  that  K6nig's  equation  holds  for  sound  vibrations 
in  free  air,  the  11*  being  proportional  to  the  intensity  of  the  sound  and 
equal  to  the  mean  square  velocity  of  the  air  particles. 

For  use  in  measuring  sound  intensity,  the  Rayleigh  disc  is  suspended 
in  a  resonance  tube.  It  has  been  shown  by  Stewart  and  Stiles'  that  the 
intensity  of  sound  in  a  resonance  tube  is  proportional  to  the  intensity  of 
the  exciting  sound  in  the  free  air  at  the  mouth  of  the  tube.  The  following 
simple  experiment  also  brings  out  this  fact:  A  disc  was  hung  near  the 
mouth  of  a  tube  and  a  source  of  sound  (an  organ  pi[>e)  placed  near  the 
end  of  the  tube  (Fig.  11).  A  stop  at  d  made  the  tube  a  resonator  for 
the  sound  and  deflections  were  made  for  several  different  distances  of 
the  organ  pipe  from  the  tube.    The  stop  was  then  moved  to  d'  thus 

'  W.  KOnig,  Wied.  Ann.,  XLIII.,  p.  51.  1891. 

•  W.  Zemov.  Ann.  der  Phjn..  XXVI..  p.  79.  1908. 

'  Stewart  and  Stilea,  PEnrs.  Rbv.,  April.  1913.  p.  309. 
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throwing  the  tube  out  of  resonance.    The  sound  vibrations  which  affected 
the  disc  were  then  not  due  to  resonance  but  were  of  the  character  of 
reverberation  in  a  room  and  the  disc 
responded  as  io  free  air.     Deflec- 
tions were  again  taken  for  the  same 
distances  of  the  organ  pipe  from  the    = 
end  of  the  tube.    Following  is  the 
result  —  showing  the  same  law  to 
hold  in  both  cases: 


Fig.  11. 
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The  similaritjr  in  the  behavior  of  the  disc  in  the  two  cases  is  clearly 
shown  by  the  similarity  in  the  shape  of  the  curves  (Fig.  12). 

Thus  the  intensity  of  sound  in  a  re- 
sonance tube  is  proportional  to  the  in- 
tensity of  the  sound  in  free  air  at  the 
mouth  of  the  tube,  and  the  deflections 
of  a  disc  in  a  resonance  tube  are  a  meas- 

kj  J I I      ^'^'^    '^^  **f  t^fi  intensity  of  the  sound  at  the 

'   I 1 1 1     mouth  of  the  tube. 

With  Konig's  equation  as  a  basis,  the 
calibration  of  the  disc  for  sound  intensity 
may  be  worked  out  as  follows : 
When  responding  to  sound,  the  disc  turns  through  an  angle  which 
we  will  represent  by  ^.  Since  the  apparatus  was  so  constructed  that 
9  ~  45°  when  there  is  no  sound,  then  *  =  45°  —  0,  and  20  =  96°  —  2O. 
When  the  return  torque  of  the  suspending  fiber  is  balanced  by  the 
couple  acting  on  the  disc  due  to  sound  vibrations,  then 

L<l>  ■=  M  =  kv' ^a  20. 
where  L  is  the  moment  of  torsion  of  the  suspending  fiber,  and  k  =*4/3pr*. 
(p,  the  density  of  the  air,  is  a  constant  at  an  antinode  of  sound  vibration.) 


Fig.  12. 


therefore 


cos  20  =  0)8  (90°  —  20)  =  sin  20, 

L<t>  =  kv'  COS  20  =  ^  COS  20, 
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where  *  (the  intensity  of  the  sound)  is  proportional  to  ^,  q  being  equal  to 
k  times  the  proportionality  factor. 
Then 

.  _      fl4 ft20 

g  cos  20      cos  2^ ' 
where 

2q  I 

Since  the  deflection,  S,  on  the  scale  is  equal  to  s  -tan  20,  where  s  is  the 
distance  of  the  mirror  from  the  scale,  then  20  =  tan~*  S/s,  and 
.  _    b  ■  tan-'  S/s    _  b  •  tan-'  S/s 
*  ~  cos  (tan-»  S/s)  ~  j/(5*  +  s»)* 
4(5*  +  s*)*  tan-»  S/s 

where  A  =  b/s. 

For  small  deflections,  fi*  may  be  neglected  in  comparison  with  s*,  and 

the  angle  and  its  tangent  may  be  considered  equal,  then  the  intensity  of 

sound  is  proportional  to  the  deflection  of  the  disc,  or 

»  =  kS. 

The  error  involved  in  using  this  approximate  formula  may  be  brought 

out  by  the  following  example: 

Let  the  distance  from  mirror  to  scale,  s,  be  loo  cm.  and  two  deflections 
be  ii  =  40  cm.  and  St  "  0.87  cm. 
Using  the  exact  formula  for  computing  relative  sound  intensity: 
H      h- 107.71  •2l.Sr/l9o 
»i  *     i  ■  100.004  ■  ir/360    " 
U^ng  the  approximate  formula  involves  merely  a  comparison  of  the 
deflections: 

5  __^  40  _ 
»»  '  .87  " 


■  45-84- 


46.96 
the  approximate  formula  giving  the  smaller  value  for  the  louder  sound. 

The  error  involved  in  u^ng  the  approximate  formula  for  the  computa- 
tion of  the  coeflicient.  of  absorption,  a,  may  be  shown  by  using  these 
results  in  the  formula  for  a  already  derived: 

For  the  correct  ratio  of  sound  intensities,  m  =  46.96,  and  n  —  i ;  then 

4      ^ 4       _   4 

*"  "  »»*/«'  +  »*/«'  +  2  ~  6.8527  +  0.1459  +  2  "  8.9986  "  *'-4445- 
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For  the  approximate  ratio  of  sound  intensities,  m  »  45.84,  and  n  *  i ; 
then 

4  4 

"'  "  6.7702  +  0.1447  +  2  "  8.9179  "  ^"^  ^' 

The  percentage  error  for  the  coefficieat  of  absorption  is 

0.4485  -  0-4445  X  ,00  »  0.9  per  cent. 
0-4445  ^^ 

As  the  ratio  of  sound  intensities  approaches  unity,  the  percents^  error 
decreases,  therefore,  for  the  computation  of  the  coefficient  of  absorption, 
the  approximate  formula  for  relative  sound  intensity  is  close  enough  for 
material  of  high  absorbing  power  but  should  not  be  used  when  the  ab- 
sorbing power  is  less  than  0.20. 

In  agreement  with  the  above  calibration  of  the  disc  deduced  from  theo- 
retical considerations,  the  result  of  the  following  experiment  may  be 
dted. 

The  disc  was  suspended  in  a  resonance  tube  an  inch  in  diameter  and 
^-wave-length  (about  30  cm.)  long,  closed  at  both  ends  except  for  four 
small  glass  tubes  of  one-eighth-inch  bore  lying  across  one  end,  each  tube 
pierced  with  a  little  hole  which  opened  into  the  resonance  tube  (Fig.  13), 
The  tubes  were  mounted  in  a  wooden  cap  which  fitted  nicely  over  the 
end  of  the  resonance  tube,  and  the  whcrfe  ar- 
rangement constituted  an  adaptation  of 
Quincke's  interference  tube.  A  sound  passing  . ; 
through  one  or  all  of  the  four  little  tubes 
would  be  swallowed  up  by  the  resonance  tube, 
if  its  pitch  is  that  ta which  the  latter  is  tuned. 
One  end  of  each  of  these  four  tubes  was  fitted 
into  the  wooden  cap  clo«ng  end,  E,  of  the  pj^,  13, 

wooden  flue  already  described  which  served 

as  a  horn  to  catch  the  sound  from  an  organ  pipe  placed  at  the  end,  B, 
and  four  little  wooden  rods  were  made  of  such  a  size  as  to  slip  into  the 
glass  tubes  and  stop  all  sound  from  coming  into  them. 

With  one  rod  removed,  the  orgem  pipe  was  sounded  and  a  deflection  of 
the  disc  was  noted.  The  resonance  tube  in  which  the  disc  hung  had 
absorbed  all  of  the  sound  which  was  pas^ng  through  one  little  tube,  and 
the  disc  felt  the  impulse  of  the  sound  vibration.  The  same  was  done 
with  two  tubes  open,  then  three  and  then  all  four.  The  following  is  a 
sample  of  the  deflections  received : 
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The  deflections  are  seen  to  run  about  in  the  following  proportion: 
i':  4  :  9  :  i6.  Variations  may  be  due  to  slight  differences  of  bore  in  the 
tubes.  The  sound  in  the  first  tube  produced  a  certain  amplitude  in  the 
resonance  tube;  the  sound  in  two  tubes  gave  twice  as  great  an  impulse 
or  produced  twice  the  amplitude  in  the  resonance  tube,  etc.  All  of  the 
sound  delivered  to  the  resonance  tube  was  very  weak  and  could  produce 
no  great  crowding  of  air  particles,  and  so  the  amplitudes  were  able  easily 
to  be  superimposed  one  upon  another  without  loss  of  motion,  and  since 
the  intensity  of  sound  varies  as  the  square  of  the  amplitude,  it  would 
vary,  also,  in  this  case,  as  the  square  of  the  number  of  tubes  delivering 
sound  to  the  resonance  tube.  The  resulting  deflections  very  nicely 
confirm  this,  and  since  the  deflections  were  all  small  they  would  come 
within  the  approximation  made  above  which  gave  the  final  calibra- 
tion formula,  i  =  kh,  deduced  from  KQnig's  law  of  the  Rayleigh  disc. 
Thus,  for  the  Rayleigh  disc,  it  is  theoretically  and  experimentally  estab- 
lished that,  for  small  deflections,  the  inten«ty  of  sound  varies  as  the 
deflection;  for  large  deflections,  the  intensity  may  be  computed  from  the 
more  extended  formula, 

*  =  *(«"  +  s")'  tan-'  «A. 

The  calibration  of  the  Rayleigh  disc  provides  the  necessary  means  for 
measuring  the  ratio  of  the  maximum  and  minimum  sound  intensities  in 
the  sound  flue  (Fig.  4)  and  makes  possible  the  calculation  of  the  coefficient 
of  absorption  of  sound  by  the  use  of  the  formula: 


When  the  Rayleigh  disc  is  used  to  measure  sound  intensity  the  range 
of  pitch  is  limited  by  the  fact  that  the  disc  must  lie  in  an  antinode,  and 
denwty  variation  of  the  air  must  be  absent.  For  very  short  waves  the 
disc  would  swing  out  of  the  region  of  constant  density  and  thus  complicate 
the  calculation  of  sound  intensity.  For  very  high  pitches,  therefore, 
very  small  discs  must  be  used.  For  a  disc  one  millimeter  in  diameter 
there  would  be  no  great  error  when  used  with  a  wave  two  centimeters 
loi^;,  which  would  correspond  to  a  frequency  of  about  16,500  vibrations 
per  second,  or  a  pitch  of  about  C* — six  octaves  above  middle  C  {€% — 
356  vib8./sec.).    An  octave  and  a  half  above  this  would  take  us  to  the 


Digitized  by  CoOgIC 


;■•] 


THE  VALUE  OF  UATERIAIS  AS  SOUND  ABSORBERS. 


283 


Upper  limit  of  audibility,  showing  that  the  apparatus  is  applicable  to 
any  probable  range  of  pitch. 

The  different  parts  of  the  apparatus  used  for  maldi:^  observations  for 
sound  absorption  have  already  been  described.  The  parts  were  as- 
aembled  as  shown  in  Fig.  14.    The  flue,  F,  moved  along  a  graduated 


1 


r^^ 


Fig.  14. 

track,  T.  The  one-half-inch  glass  tube,  IG,  from  the  suspended  disc 
passed  through  the  tone  screen  at  B  and  projected  into  the  flue.  The 
intensity  of  sound  at  the  end,  G,  of  this  tube  causes  the  air  in  the  tube 
to  vibrate  and  this  in  turn  produces  a  deflection  of  the  disc. 

In  taking  observations,  the  flue,  F,  with  the  oi^an  pipe,  P,  attached  to 
it  was  moved  along  the  track,  T,  in  steps  one  centimeter  long.  Observa- 
tions for  intensity  were  made  at  each  step,  and  at  the  region  of  maximum 
and  minimum  intensities  for  shorter  steps,  and  thus  the  maximum  and 
minimum  intensities,  m  and  n  of  the  formula,  were  found.  Api^ying 
these  values  in  the  formula,  the  coefficient  of  absorption  of  sound  for 
the  material,  S,  closing  the  end,  E,  of  the  ffue,  F,  was  calculated  as  al- 
ready shown  by  an  example. 

Following  is  the  coefficient  of  absorption  of  a  few  materials  computed 
by  using  the  approximate  formula: 


N 

. 

. 

Sm         R 

6.SS 
7.30 
24.70 
57.50 
54.50 
27.00 

M 

.03 

.78 

.22 

.30    , 

.25 

.26 

Compresaed  coric  (li-ioch  thick) 

.32 

The  last  four  materials  were  kindly  furnished  by  the  Johns-Manville 
Co.  of  New  York.  The  values  of  the  absorbing  power  given  here  for  the 
first  three  materials  check  fairly  well  with  values  obtained  by  the  re- 
verberation method. 

The  absorbing  power  of  material  Is  increased  by  increasing  the  space 
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between  it  and  the  wall  behind  it.  This  may  be  explained  by  con^dering 
sound  absorption  as  a  retardation  of  the  motion  of  the  vibrating  air 
particles;  hence,  by  placing  the  absorbing  material  out  a  little  from  the 
wall  (where  the  air  is  at  rest)  it  becomes  more  effective  in  retarding  motion 
and  thus  more  efficient  as  a  sound  absorber.  Followii^  are  the  coeffi- 
cients for  compressed  cork  taken  for  several  different  distances  between 
it  and  the  board  behind  it: 

Comprttsed  Cork. 


DUWbc*  iroBi  Board. 

.. 

. 

. 

2  ram. 

25.00 

.25 

.34 

5  mm.             , 

25.50 

.34 

.38 

10  ram. 

18.30 

.46 

.47 

20  ram. 

13.70 

.74 

.61 

Fig.  15. 


The  relation  is  also  shown  by  the  curve  (Fig.  15) : 
An  important  application  of  the  flue  to  auditorium  acoustics  is  the 
following:  Sabine  has  found*  that  the  reverberation  of  a  room  varies  for 
different  parts  of  the  musical  scale.  To  correct  the  acoustics  of  a  room, 
therefore,  absorbing  material  must  be  so  applied  as  to  make  the  rever- 
beration for  each  tone  normal.  Since  the  absorbing  power  of  a  material 
varies  with  its  distance  from  the  wall,  and 
this  distance  varies  for  the  maximum  al>> 
sorption  of  each  tone,  it  is  possible  to  so 
graduate  the  distance  of  the  material  from 
the  wall  as  to  make  the  reverberation  of 
the  room  for  each  tone  of  the  entire  mus- 
ical scale  normal.  The  flue  makes  the  de- 
termination of  the  absorbing  power  of  materials  for  variation  of  tone 
and  distance  from  wall  a  simple  matter. 

The  flue  method  of  finding  the  value  of  a  material  as  a  sound  absorber 
eliminates  the  effect  of  the  interference  system  of  a  room  on  the  absorbing 
power  of  the  material.  As  shown  by  Sabine'  a  material  of  high  absorbing 
power  placed  in  a  room  where,  due  to  interference,  the  intendty  of  sound, 
or  sound  pressure,  is  very  small  would  have  little  effect  on  the  sound  in 
the  room,  but  if  placed  in  a  regitm  of  large  relative  sound  pressure  it 
would  diminish  the  sound  perceptibly. 

If  the  absorbing  power  of  this  material  were  obtained  by  the  rever- 
beration method  in  this  room  in  the  first  position  mentioned,  it  would  be 
found  to  be  relatively  small,  and  in  the  second  position,  relatively  large. 
If  one  of.  these  is  the  correct  absorbing  power,  the  other  is  not,  and  the 
probability  is  that  neither  is  <xirrect. 

>  Prof.  W.  C.  Sabine.  Arcb.  Quu.  of  Harvard  Univ.,  March,  191a,  p.  10. 

Google 


^^]  THE  VALUE  OP  UAT&RIALS  AS  SOUND  ABSORBERS.  285 

Conversely,  if  the  correct  absorption  of  a  material  is  found  by  means 
of  the  flue,  and  this  material  is  used  to  reduce  the  reverberation  of  an 
auditorium,  its  value  will  depend  somewhat  upon  its  position  in  the  room. 
Thus  the  true  power  of  absorption  of  a  material  will  be  useful  in  connec- 
tion  with  auditorium  aojustics  only  when  used  with  due  precaution — 
and  then  it  is  of  much  value.  It  is  useful  also  as  an  index  to  give  the 
material  a  rating  with  relation  to  other  sound  absorbing  materials. 

The  power  of  materiak  to  absorb  sound  transmitted  through  them  was 
found  as  follows: 

The  wooden  flue  already  described  (Rg.  4)  was  stopped  at  end,  E, 
by  a  board  one-half-inch  thick,  through  the  center  of  which  passed  a 
one-half-inch  glass  tube  from  the  Ray- 
leigh   disc,  /  (Fig.   16).     The   tone 
screen  was  removed  from  end  B  of 
the  flue,  and  a  closely  fitting  tin  box 
slipped  into  the  end.    The  two  oppo- 
site ends  of  this  box,  through  which  pj^,  1$, 
the  sound  must  pass  to  enter  the  flue, 
were  made  of  cheese  cloth  and  their  distance  apart  was  adjustable. 

With  this  box  in  the  end  of  the  flue,  F,  and  an  oi^an  pipe,  F,  placed 
immediately  behind  it,  the  first  reading  was  made  pving  the  intensity  of 
the  sound  in  the  flue  when  end,  B,  was  not  closed  with  the  material  whose 
absorption  was  wanted.  Then  the  cheese  cloth  ends  of  the  tin  box  were 
adjusted  for  several  different  distances  apart  and  for  each  one  the  box 
was  filled  with  absorbing  material  and  slipped  into  the  end  of  the  flue  for 
a  reading.  Following  are  the  readings  made  for  water  glass  crystals 
loosely  shaken  down  but  not  packed,  the  oi^an  pipe  sounding  the  note  si 
(240  vibs./sec.) : 


DaflKtlaa. 
(. 

PnctlDD  of  Sound 

Ab»rbad 

0 

44.20 

1.000 

0.000 

2 

24.90 

.564 

.436 

4 

15.50 

.352 

.648 

6 

11.50 

.260 

.740 

10 

5.50 

.124 

,876 

16 

1.10 

.025 

.975 

20 

.53 

.012 

.988 

The  intensity  of  sound  varies  as  the  deflection,  i  —  ki.  If  /  represents 
the  sound  intenuty  transmitted  through  zero  thickness  of  the  material, 
and  »  the  intensity  transmitted  through  thickness,  (,  then  »/7  is  the  frac- 
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tion  of  sound  transmitted  through  thickness,  (,  and  i  —  ijl  is  the  fraction 
absorbed  by  thickness,  t.  The  following  equation  gives  the  relation, 
when  t  is  small : 

♦//  =  (I  -  &)', 

where  ^  is  the  fraction  of  sound  absorbed  by  unit  thickness  (i  cm.)  of 
the  material.    This  fraction  is  the  insulation  coefBdent  for  sound  for  the 
material. 
The  insulation  coefficient  for  three  materials  follows: 

yatariBl.  p 

Water  Glass  Crystale 211 

H»tr  Felt 226 

Compressed  Cork  (i-ioeh  thick) 500 

The  curve  between  observed  thickness  and  sound  transmitted  shows 
the  experimental  relation  (Fig.  17): 


Fig.  17.  Fig.  18. 

The  curve  between  the  Ic^arithm  of  the  fraction  of  sound  transmitted 
and  the  logarithm  of  thickness  shows  that  the  logarithmic  relation  holds 
only  when  t  is  small,  and  that  a  distinct  change  occurs  in  the  law  of  ab- 
sorption in  a  certain  region  (Fig.  18): 

The  absorbing  lining  at  the  end,  E  (Fig.  16),  of  the  flue  makes  internal 
reflection  in  the  flue  impossible.  When  sound  strikes  the  outer  surface 
of  the  material  at  the  end,  B,  it  is,  in  general,  partially  reflected,  thus  the 
amplitude  of  the  wave  which  actually  enters  the  material  is  not  that  of 
the  incident  wave.  The  coefficients  given  above  express  the  relation 
between  the  incident  and  transmitted  sound.  Architecturally,  this 
coefficient  would  probably  be  more  useful  than  the  coefficient  based 
upon  the  sound  which  actually  enters  the  material,  since  it  is  the  intensity 
present  in  a  room  and  incident  upon  a  wall  that  one  hears,  and  the  wall 
is  constructed  to  isolate  this  sound  from  adjoining  rooms.  Thus  this 
is  properly  the  insulation  coefficient  of  a  material  for  sound. 

The  intensity  of  sound  which  actually  enters  a  material  may  be 
obtained  by  findit^  the  coefficient  of  reflection,  p,  of  the  material  when 
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it  is  in  place  at  the  end,  B,  of  the  flue,  F,  and  taldng  the  product  of  thia 
and  the  first  deflection,  St,  in  the  above  table;  Bo  is  proportional  to 
the  incident  sound,  therefore  pit  is  proportional  to  the  reflected  sound, 
and  Sq  —  pSn'is  proportional  to  the  intensity  of  the  sound  entering  the 
material.  Simplifying,  we  have  5o(i  —  p)  —  Sta,  since  1  —  p  ^  a; 
therefore  the  intensity  of  the  sound  actually  entering  the  material  is 
proportional  to  the  product  of  the  deflection  when  no  material  covers 
the  end,  B,  of  the  flue  and  the  coefficient  of  absorption  of  the  material 
when  it  is  in  place  at  the  end  of  the  flue  with  a  column  of  air  behind  it. 
The  fraction  of  sound  transmitted  when  Soa  is  used  as  a  basis  may  prop- 
erly be  called  the  transmission  coefficient  of  the  material  for  sound,  and 
it  may  be  computed  by  using  ita  in  place  of  2i  in  the  computations  for 

(■  -  S)- 

Reflection  from  the  outer  surface  of  the  material  at  the  end,  B,  of  the 
flue  may  be  prevented  by  a  a>vering  of  acoustically  black  material — 
loose  felt.  The  sound  tran&mitted  by  this  covering  may  be  found  by 
making  observations  with  it  alone,  and  Sta  thus  obtained  experimentally. 

The  methods  for  finding  the  absorption  of  sound  as  outlined  above  may 
be  applied  in  a  number  of  ways;  following  is  a  partial  list  of  suggestions: 

(a)  Determining  the  relation  between  the  absortni^  power  of  a  ma- 
terial and  its  distance  from  the  wall  behind  it. 

(6)  Determining  the  relation  between  the  absorbing  power  of  a  ma- 
terial and  iHtch  of  sound. 

(c)  Determining  the  relation  between  the  absorbing  power  of  a  ma- 
terial for  transmitted  sound  and  the  thickness  of  the  material. 

(d)  Determining  the  relation  between  the  absorbii^c  power  of  a  material 
for  transmitted  sound  and  pitch  of  sound. 

(«)  Determining  the  relation  between  the  absorbing  power  of  a  ma- 
terial and  its  compoution  or  texture  for  a  range  of  different  pitches  of 
sound. 

(/)  Determining  the  relation  between  the  sound  absorbii^  quality 
and  elastidty  of  a  material. 

(£)  Determining  the  absorbing  power  of  materials  by  means  of  the 
effect  of  absorption  upon  the  pitch  of  an  organ  pi[>e. 

The  Rayleigh  disc  may  be  used : 

(A)  For  the  detection  of  the  presence  of  overtones  in  a  sound  by  sus- 
pending it  in  a  tube  tuned  to  the  pitch  of  the  overtone. 

(»)  To  bring  psychological  observations  of  ear  accommodation  up  to 
a  greater  degree  of  completeness  and  accuracy. 
Pbvsicai.  Laboratory. 

CORNHLL   UHIVKBSITV, 

May  ab,  1913. 
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ON  TEMPERATURE  AND   SURFACE   CONDITIONS   WHICH 

AFFECT  THE  POSITIVE  IONIZATION  FROM   HEATED 

PLATINUM. 

Bv  Cbablbs  Shbakd  and  D.  A.  Woodbuky. 

'  I  'WO  general  views  as  to  the  nature  of  the  poutive  ions  from  heated 
*■  metals  and  metallic  salts  have  been  advanced  in  recent  years. 
Richardson  and  Hulbirt'  came  to  the  conclusion  that  the  positive  ions 
from  heated  metals  have  an  average  value  of  mjH  of  25.7.  Some  later 
determinations  with  [datinum  made  by  Richardson*  gave  an  aven^ 
value  of  mjH  of  32.5.  Professor  Richardson  Has  advanced  the  theory  that 
the  positive  thermions  are  tn  large  part  charged  atoms  of  sodium  or 
potassium  which  are  present  as  impurities  in  the  form  of  salts.  J.  J. 
Thomson,'  Horton,*  Garrett,'  W.  Wilson*  and  Klemensiewicz^  hold  in 
general  to  the  view  that  the  carriers  of  the  positive  electricity  from 
hot  metals  are  for  the  most  part  molecules  of  gas  absorbed  by  the 
metal.  Recently  another  paper  on  this  subject  has  appeared  in  which 
the  writer,  Dr.  Horton,*  19  of  the  opinion  "that  the  ionization  from 
platinum  (and  from  metals  generally)  is  largely  due  to  the  emission  of 
absorbed  gases  on  heating."'  A  considerable  portion  of  the  proof  in 
support  of  his  conclusions  rests  upon  the  observed  iacrease  in  the  ioniza- 
tion effects  after  heating  the  wire,  or  salted  anode,  in  a  Bunsen  flame. 
The  writers  of  this  article  will  present  the  results  of  some  experiments 
showing  (i)  that  there  are  at  least  two  sources  of  ionization  present  as 
impurities  in  platinum  and  that  one  of  these  becomes  more  operative 
and  the  other  less  so  with  continued  heating  due  to  the  greater  ease  with 
which  one  of  the  sources  is  driven  off  by  hearing,  and  (2)  that  a  wire, 
which  has  been  so  treated  as  to  have  become  non-efficient  in  its  emissive 

■  Phil.  Mae-,  p.  557,  1910. 
<  Phil.  Mag.,  p.  9S9.  igio. 

•  Camb.  Phil.  Soc.,  Vol.  XV.,  p.  64. 

•  Proc  Roy.  Soc.,  Vol.  84,  p,  433. 1910;  Camb.  Phil.  Soc.  Proc.,  Vol.  XVI.,  pp.  8g  and  318, 
1911. 

■  Phil.  Mag.,  Vcd.  30,  p.  583.  iQio. 
'Phil.  Mag.,  Vol.  ai,  p.  634.  1911. 

'  Ann.  der  Phy*.,  Vol.  36.  p.  796.  1911. 

•  Proc.  Roy.  Soc.,  Vol.  S8.  p.  117.  1913. 
•!,.£..  p.  139. 
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power,  may  be  revivified  ao  as  to  ^v^  greatly  increased  thermionic  cur- 
rents when  its  surface  is  cleaned. 

The  experiments  to  be  described  were  made  in  dry  air  at  atmospheric 
[seeBure.  There  are  several  reasons  to  be  advanced  in  favor  of  this  pro- 
cedure rather  than  to  carry  on  such  experiments  in  a  good  vacuum.  (l) 
The  reproducibility  of  conditions  when  the  apparatus  has  been  opened, 
the  wire  treated,  re-inserted  and  its  ionization  currents  figain  investi- 
gated. Richardson  and  Sheard*  found  that  the  linear  current-E.M,F. 
relation  which  holds  initially  for  the  positive  currents  from  platinum 
(heated  at  temperatures  such  that  no  negative  ions  were  present)  at  low 
pressures  ultimately  disappeared,  giving  place  to  saturation  current 
conditions.  The  large  additional  currents  were  restored  by  allowing  the 
apparatus  to  stand  with  air  at  atmospheric  pressure  in  it.  In  the  light 
of  these  experiments  some  of  the  results  which  have  been  published  rela- 
tive to  the  restoration  of  emissive  power  when  a  wire  has  been  heated 
in  a  gas  may  be  questioned,  for  the  increased  currents  obtained  after  re- 
pumping  may  be  due  in  part  to  this  cause.  (2)  The  elimination  of  effects 
due  to  (X>ntamination  of  the  wire  with  mercury  or  phosphorous  vapor; 
the  first  mentioned  effect  has  been  discussed  recently  by  Horton.*  (3) 
The  ionization  phenomena  are  of  the  same  general  nature  whether  per- 
f<MTOed  at  atmospheric  pressure  or  in  a  vacuum  as  shown  by  H.  A.  Wilson,* 
O.  W.  Richardson*  and  W.  Wilson.*  The  bulk  of  experimentation  in  this 
field  has  been  carried  out  at  pressures  ranging  from  a  small  fraction  of  a 
millimeter  to  twenty  or  thirty  millimeters.  It  is  reasonable  to  assume, 
if  the  presence  of  a  gas  about  the  heated  wire  is  an  important  factor  in 
ionization  effects,  that  the  pressure  of  the  gas  will  not  affect  the  phe- 
nomena stoUtaUmly  but  rather  guantitatwely. 

Apparatus  and  Method  of  Expbriuentation. 
The  main  chamber  used  in  these  investigations  is  sketched  in  the  ac- 
companying diagram.  Fig.  i.  A  cylinder  of  brass.  A,  I1.5  cm.  long  and 
6  cm.  diameter,  was  closed  at  the  ends  with  quarter-inch  brass  plates. 
Through  the  lower  plate,  B,  two  well  insulated,  heavy  brass  leads  were 
passed.  The  platinum  wire,  C,  0.01  cm.  diameter  and  about  3  cm.  in 
length,  was  fastened  tautly  across  the  ends  of  the  brass  leads.  The 
receiving  electrode,  D,  consisted  of  a  hollow  cylinder  of  brass,  4X1  cm., 
attached  to  a  micrometer  screw  passing  through  a  threaded  bushing  of 

■  Phts.  Rfv.,  Serie»  I..  Vol.  XXXIV.,  p.  391.  I9i»- 

•  L.  c,  pp.  Ill  and  133. 

'  Phil.  Trans,,  A,  Vol.  197,  p.  415,  1901. 


'  Phil.  Trans.,  A,  Vol.  307.  190S. 
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brass  properly  insulated  from  the  remainder  of  the  upper  plate,  E,  by 
means  of  glass  and  sealing  wax.  The  distance  between  the  two  elec- 
trodes could  thus  be  changed  at  will;  in  the  experiments  to  be  described 
it  was  kept  at  4  mm.  The  detecting  electrode  was  kept  cool  by  drawing 
air  through  a  system  of  tubes,  NN,  passing  inside  the  micrometer  arrange- 
ment and  attached  at  opposite  sides  of  a  brass  partition  within  the 
electrode  proper.  With  this  form  of  apparatus  it  was  possible  to  com- 
pletely shield  the  insulation  from  the  thermionic  emission  and  also  to 
avoid  uncertainty  as  to  the  correct  current  values  due  to  heating  the 
receiving  electrode.  Such  effects  have  been  noted  and  investigated 
somewhat  by  Richardson.' 

Some  preliminary  experiments  showed  that  the 
length  of  wire  made  luminous  increased  consider- 
ably as  the  heating  currents  were  augmented.  The 
thermionic  currents  would  in  consequence  be  en- 
hanced above  true  values  as  the  temperatures  in- 
creased. In  order  to  avoid  this  source  of  error  a 
plate,  H,  with  a  circular  hole  i  cm.  in  diameter 
was  placed  1.5  mm.  from  the  platinum  wire,  the 
center  of  the  opening  in  the  plate  being  directly 
above  the  middle  point  of  the  wire.  The  plate  H 
was  fastened  to  metallic  supports  terminating  in 
Fig.  1.  the  plate  B.    This  was  earthed  together  with  cylin- 

der A  and  plate  E. 
Dry  air  or  other  gas  was  drawn  into  the  main  apparatus  through 
calcium  chloride  towers  connected  at  M,  the  needed  suction  being  supplied 
by  a  water  pump  operating  through  P.  Stopcocks  were  inserted  in 
M  and  P;  the  plates  B  and  E  were  sealed  in  with  soft  wax,  the  whole 
chamber  being  made  air-tight.  Ionization  effects  due  to  the  presence  of 
water  vapor*  were  thus  guarded  against. 

The  platinum  wire  was  heated  electrically.  The  resistance  of  the 
wire  was  determined  by  the  voltmeter-ammeter  method.  Two  platinum 
leads  (not  shown  in  Fig.  i)  were  attached  to  the  wire  about  i  cm."  from 
each  end ;  the  potential  differences  were  read  on  an  instrument  graduated 
to  0.02  volt  per  division.  It  was  possible  to  read  the  heating  current 
to  one  one-thousandth  of  an  ampere;  constancy  of  current  at  any  de^red 
value  was  secured  by  a  low-valued  sliding  resistance  control.  A  linear 
relation  existed  between  the  calculated  resistances  and  the  currents; 
the  projection  of  this  line  until  it  intercepted  the  resistance  axis  at  the 
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zero  point  gave  a  ready  means  of  determining  the  absolute  tem[>eratures, 
the  resistance  at  room  temperature  being  that  for  which  the  value  of 
the  current  was  practically  zero. 

The  thermionic  currents  were  measured  by  a  quadrant  electrometer. 
Throughout  this  paper,  unless  specified  to  the  contrary,  one  division 
per  second  represents  3.7  X  io~"  amperes.  The  wire  was  charged  to  any 
desired  potential,  while  the  receiving  electrode  was  connected  to  one  of 
the  quadrants  of  the  electrometer,  the  other  being  earthed.  A  sub- 
divided microfarad  condenser  connected  in  parallel  with  the  insulated 
quadrants  was  used  for  measuring  currents  beyond  the  range  of  the 
electrometer.  Keys,  electrometer,  condenser  and  lead  wires  were  properly 
screened  in  the  usual  manner. 

The  wire,  before  insertion  in  the  apparatus,  was  cleaned  in  boiling 
dilute  nitric  add  and  then  washed  in  distilled  water. 

When  the  thermionic  current  had  been  reduced  to  the  steady  leak 
condition  observations  were  made  upon  the  relation  between  the  current 
and  the  applied  electromotive  force.  Saturation  currents  were  obtained 
under  an  applied  potential  of  150-200  volts,  the  latter  being  used. 

The  .Thermionic  Emission  as  a  Function  of  the  Temperature. 
Numerous  experiments  have  shown  the  general  applicability  of  Rich- 
ardson's formula, 

to  express  the  relation  between  the  saturation  thermionic  currents  and 
the  absolute  temperatures  of  the  wire,  provided  the  chemical  nature  of 
the  source  of  ionization  is  unaffected  by  the  temperature  changes.  This 
formula  may  be  most  conveniently  used  by  testing  the  linearity  of  the 
relation  obtained  by  plotting  Logio  I  —  \  Ix^io  6  against  i/ff.  The 
curves  given  in  Fig.  2  were  plotted  in  this  manner.*  In  Curve  /  the 
current  readings  were  made  in  the  following  way:  the  heating  current 
was  adjusted  to  the  desired  value  and,  when  constant,  +200  volts  was 
applied  to  the  wire  and  the  ionization  current  measured.  The  potential 
and  the  heating  current  were  then  cut  off,  the  control  resistance  changed 
and  the  above  procedure  repeated.  It  was  thus  possible  to  obtain  the 
maximum,  ionization  current  at  any  g^ven  temperature,  previous  experi- 
ence having  shown  that  there  is  no  "fatigue"  effect  due  to  temperature 
alone.  The  values  of  the  currents  used  in  Curve  /  are  given  in  Table  I., 
column  2.  A  discontinuity  is  indicated  at  the  points  E,  Di.  Repetition 
with  a  new  wire  gave  a  similar  effect  at  about  the  same  temperature  (710- 
>  The  ciurent  values  used  In  the  plot  are  the  Dumber  of  divlslona  per  second  multiplied  by 
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730°  C.)>  The  accuracy  of  EEi,  shifted  as  it  is  from  the  Hne  />J?,  is  to 
be  questioned,  especially  in  view  of  the  fact  that  at  still  higher  tempera- 
tures than  those  indicated  the  initial  thermionic  currents  decayed  so 
rapidly,  even  under  the  most  rapid  method  of  experimentii^,  as  to  fall 
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below  the  value  of  £1  at  764°  C.  This  is  in  part  at  least  to  be  accounted 
for  by  the  presence  of  the  negative  ionization  which  would  make  recom- 
bination a  factor.' 

The  values  in  Curve  //,  Fig.  2,  were  obtained  as  follows.  The  wire 
was  heated  at  a  given  temperature  and  the  decay  of  the  ionization  with 
time  determined.  The  "slow  decay"  values  of  the  currents  were  made 
use  of  in  determining  the  relations  given  in  //.  A  sample  set  of  readii^ 
at  740°  C.  is  inserted  below. 


168 
13 


154 


140 


123 


lie 


19    14 


Current 110    105    85   78.5   78.5    79 

Hence  79  div./sec.  was  taken  as  the  value  of  the  slow  decay-with-time 

'  Under  a.  potential  of  —  loo  volts  a  neEative  cuirent  of  i  division  per  second.  remalnlnK 
constant  In  value  during  an  hour's  testing,  was  obtained  at  705°  C.  The  negative  value* 
were,  however,  ahrays  vety  small  in  comparison  with  the  positive  currents.  After  the  positive 
emission  had  reached  the  condition  Indicated  in  Curve  IV.  at  764*  C,  a  negative  cuneot  of 
1.5  divisions  per  second  was  obtained  at  tliat  temperature. 


db,  Google 


iult.1 

D.4-    J 


IONIZATION  FROii  HEATED  PLATINUM. 


293 


current.  The  order  of  heating,  temperatures  used,  time  of  heating  at 
each  temperature  and  the  slow  decay  current  values  are  ^ven  in  the  ap- 
peoded  table: 


COlDBlD. 

. 

, 

s 

4 

s 

a 

t 

a 

Temperature,  •  Ab« 

Current,  (div./aec.) 

Time  heated  (min.) 

845 
i.05 
30 

869 
1.2 
35 

893 
2.6 
35 

923 
6.7 
28 

953 
16.6 
28 

983 

1013 
78.5 
30 

1040 
495 
18 

Curve  ///  was  taken  immediately  after  the  highest  temperature  value 
of  the  current  given  in  //.  The  readings  were  taken  in  the  manner 
described  in  discussing  Curve  /,  proceeding  from  lower  to  higher  tempera- 
tures. Curve  IV  was  obt^ned  in  an  analogous  manner  after  the  wire 
had  been  left  standing  cold  in  the  apparatus  for  eighty  hours. 

It  appears,  then,  from  an  examination  of  these  curves  that  there  are 
two  sources  of  ionization  present  as  impurities  in  the  wire.  One  of  these 
becomes  the  [iredominant  and  permanent  source  of  positive  thermions 
at  the  higher  temperatures  as  heating  under  potential  is  continued.  The 
ionization  from  the  second  source  is  more  easily  driven  off  witli  heating 
and  drops  away  with  time  more  rapidly  than  that  from  the  other  sub- 
stance capable  of  giving  rise  to  positive  ions  and  becomes  In  time  prac- 
tically inethdent  as  a  producer  of  ions  as  shown  in  Curve  IV,  CiDt. 

The  tangent  of  the  angles  which  the  above  lines  (Fig.  3)  make  with  the 
axis  i/O  is  a  measure  of  the  work  done  in  setting  free  an  ion.  If  it  is 
legitimate  to  interpret  all  portions  of  these  curves  in  this  manner,  then 
it  is  apparent,  first  of  all,  from  the  parallelism  of  ££1,  EtDt,  Etl^t  and 
EiDi  that  the  value  of  the  work  required  to  free  a  positive  ion  from  one 
source  of  ionization  remains  constant  under  continued  heating.  The 
ratio  of  the  tangents  of  the  angles  made  by  EtDt  and  CDi  with  l/tf  is 
equal  to  0.57.  The  values  of  "6"  calculated  from  the  relation 
^  log,  g  -  log,  J 


b  -2 


1/0 


for  the  two  portions  CiDt  and  D^Et  of  Curve  ///  are  2.4  X  10*  and 
4.5  X  10*.  Professor  Richardson*  has  calculated  the  values  of  S^,  the 
discontinuity  of  potential  (in  volts)  between  the  metal  and  the  surround- 
ing space,  as  345  for  sodium  and  4.1  for  platinum.  The  ratio  of  these 
is  0.6.  The  writers  of  this  paper  venture  the  suggestion  that  the  source 
of  ionization  oj»erative  at  low  temperatures  is  a  sodium  salt  impurity 
and  that  the  permanent  source  giving  ionizadon  from  platinum  at  tem- 
peratures above  700°  C.  or  thereabouts  is  a  salt  of  another  base,  potas- 
«um,  if  we  accept  Richardson's  recent  work. 
■  Phil.  Traiu..  Vol.  loi,  ptigt  S4S- 
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The  above  experiments  and  the  brief  analysis  made  are  in  accord  with 
Richfirdson's  views.  We  quote  the  following  from  one  of  his  recent 
papers:*  "The  gradual  increase  of  m  as  the  heating  is  continued  is  in 
agreement  with  the  author's  previous  experiments  on  platinum.*  It 
would  seem  to  indicate  that  the  source  of  positive  ionization  of  lower 
atomic  weight  from  platinum  is  more  easily  driven  off  by  hearing  than 
that  of  higher  atomic  weight.  The  results  are  in  agreement  with  the 
view  that  the  ions  of  lower  atomic  weight  are  sodium  atoms,  but  as  the 
substance  of  higher  atomic  weight  is  less  ea^y  driven  off  by  heat,  it 
would  appear  that  some  impurity  other  than  sodium  or  its  salts  has  to 
be  looked  for." 

Current-Time  Relations. 

Additional  support  in  favor  of  the  above  view  is  offered  by  the  current- 
time  relations  plotted  in  Fig.  3.  The  wire  was  treated  in  a  manner  to  be 
discussed  later  in  this  paper  and  its  ability  to  produce  ions  under  varying 
temperatures  brought  back  approximately  to  the  conditions  indicated  in 
Curve  II,  Fig.  2,    Curve  i.  Fig.  3  (currents  X  10),  shows  the  steady 

CmtMNr  -  Jiv/s« 
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o 

Fig.  3. 

valued  current  condition  at  642°  C,  the  readings  being  made  after  the 
wire  had  been  previously  used  at  800"  C.  and  725°  C.  In  Curve  z, 
obtained  at  725°  C,  there  is  an  initial  increase  of  the  current  to  a  maxi- 
mum after  two  to  three  minutes  before  the  decay  sets  in.  Before  taking 
the  reading  the  hearing  current  was  adjusted  until  constant,  the  poten- 

>  Phil.  Mag.,  D«c.,  1910,  p.  993- 
'  PhiL  Mas..  Vol,  31.  p.  TS9. 
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tial  was  then  applied  and  the  observations  made.  This  method  of  opera- 
tion it  seems  to  us  ensures  the  legitimacy  of  the  results,  for  it  eliminates 
errors  due  to  slight  resistance — and  hence  temperature-changes  which 
often  occur  in  the  early  stage  of  heating.  Results  similar  in  nature  to 
those  in  Curve  2  were  obtained  when  the  current-time  effects  were  in- 
vestigated at  temperatures  considerably  below  those  at  which  a  wire  had 
been  previously  treated  until  its  steady  current  stage  was  reached.  Hor- 
ton  has  also  noted  the  occasional  occurrence  of  the  initial  increase  of 
emission  from  reheated  platinum.'  The  ionization  currents,  however, 
fell  away  from  an  initial  maximum  value  when  the  wire  was  heated  at 
800°  C.  as  shown  in  Curve  j  (currents  X  100). 

Current-time  relations  showing  an  initial  increase  were  also  found  when 
obtaining  the  data  used  in  Curve  //,  Fig.  2,  at  596°,  620°  and  643°  C. 

This  initial  rise  of  current  during  the  first  few  minutes  heating  would 
be  overshadowed  completely  if  the  second  source  of  ionization,  decaying 
with  time  in  the  manner  shown  in  Curve  3 ,  were  operative  to  any  consider- 
able extent.  It  is  probable  then  that  these  two  distinctive  types  of 
decay  curves,  indicating  two  sources  of  ionization,  have  not  been  definitely 
differentiated  previously  because  (i)  the  current-time  effects  have  not 
been  investigated  within  the  proper  temperature  regions  after  the  wire 

Table  I. 

Cotexni  1.  Temperaturea  In  degrees  absolute. 

Column  2.  luJtlal  currents  In  divisions  per  second.     See  Curve  1,  Pig.  a. 

Colunm  3.  Currents  alter  30  Iwtirs'  lieftting  under  potential  at  different  temperature*. 

Column  i.  Currents  after  wire  heated  for  10  minutes  In  gas  flame. 

Columu  5.  Cuireot*  after  heating  electrically  In  hydrogen. 

Cotumn  6.  Currents  after  wire  brought  back  to  "steady  current  condition." 

Column  7.  Currents  after  cleaning  wires  in  nitric  add. 


I 

■ 

1 

4 

s 

s 

1 

838 

0.93 

0.83 

0.62 

0.92 

0.83 

0,75 

857 

2.27 

868 

6.65 

2.00 

6.75 

3.6 

0.80 

0.74 

88t 

23.4 

892 

46.8 

2.18 

32.4 

15.4 

910 

183.0 

1.88 

61.5 

64.7 

1.16 

13.3 

934 

835.0 

1.82 

78.0 

110.0 

1.18 

46.2 

958 

2,900.0 

2.00 

92.5 

423.5 

1.18 

819.5 

982 

8,850.0 

2.94 

4,785.5 

996 

5.9 

92.5 

10,000. 

4.15 

2,035.5 

1.012 

10,400. 

12.5 

157. 

12.210. 

1,036 

38,400. 

34.3 

110.(f) 

11,000. 

5.5 

3,666. 

1,057 

91.6 

209. 

16,940. 

10.0 

5,200. 

1.072 

110.0 

363. 

22,000. 

17.0 

10,000.(?) 

■  Proc.  Roy.  Soc,  Feb.,  1913.  p.  136. 
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has  been  treated  for  some  time,  and  (3)  the  products  of  decomposition 
of  one  of  the  sources,  the  active  and  inactive,  gi'nng  £in  ionization-tinie 
relation  expressible  by  c"**'  —  e"***,  have  rates  of  decay,  Xi  and  X»,  not 
widely  different  from  each  other;  hence  the  initial  increase  of  currents 
might  be  missed. 

The  Effect  of  a  Change  in  the  Surface  Comditioks  op  the 
Wire  upon  the  Positive  Emission. 

Table  I.  contains  a  summary  of  the  increased  thermionic  emission 
obtained  when  a  wire,  which  has  lost  in  a  marked  degree  its  power  of 
producing  ionization,  was  heated  in  the  flame  of  a  Bunsen  burner  (column 
4),  heated  electrically  in  an  atmosphere  of  hydrogen  (column  5)  or  cleaned 
in  hot  dilute  nitric  acid  (oilumn  7).  For  the  purpose  of  comparison  the 
initial  thermionic  currents,  as  plotted  in  the  ionization-temperature  Curve 
/,  Fig.  I,  are  e^ven  in  column  2;  the  emission  after  thirty  hours'  treat- 
ment under  potential  and  under  various  conditions  of  temperature  in 
column  3.  The  lower  plate  B  carrying  the  wire  was  removed  from  the 
apparatus  after  the  readings  recorded  in  column  3  had  been  made;  the 
wire  was  heated  intermittently  for  about  ten  minutes  in  the  outer  edge 
of  the  Bunsen  burner  flame,  care  being  taken  that  the  wire  was  not  heated 
at  a  higher  temperature  than  any  previously  used  in  these  experiments. 
This  was  done  by  a  visual  observation  of  the  luminous  condition  of  the 
wire.'  On  re-inserting  the  wire  and  testing  its  emission  it  was  found  that 
the  currents  were  considerably  increased,  especially  at  the  lower  twnpera- 
tures.  The  effects  were  somewhat  erratic,  however,  as  an  inspection  of 
column  4  shows;  the  ratio  of  the  values  g^ven  in  columns  4  and  3  showing 
a  falling  off  from  40  to  i  at  934°  Abs.  to  3  to  i  at  1072°  Abs.  This  general 
Condition  of  increased  currents  disappeared  very  rapidly  with  continued 
heating  and  in  thirty  minutes  time  the  currents  had  approximately  the 
values  given  in  column  3. 

The  wire  was  then  heated  electrically  at  760°  C.  for  five  minutes  in  an 
atmosphere  of  dry  hydrogen.*    The  current  readings  at  various  tempera- 

1  The  heating  of  the  wire  at  temperatures  in  excess  of  any  previously  used  In  teatlng  the 
ionizatioD  from  a  hot  wire  or  salt  must  be  carefully  guarded  against,  for  such  a  treatment  of 
the  wire  will  give  greatly  increased  thermionic  currents  when  again  heated  at  any  lower 
tempemture  which  may  be  chosen.  These  last  mentioned  effects  are  being  Investigated 
further.  It  Is  possible  that  the  Increased  emission  observed  by  Horton  after  introducing  a 
platinum  wire  or  salted  anode  into  a  flame  and  heating  It  may  be  attributed  to  this  cause 
and  not  wholly  to  the  absorption  of  gas. 

■  Air  became  mixed  with  the  hydrogen  at  this  point  causing  an  explosion.  The  wite  wu 
not  disturbed  from  Its  supports  and  was  used  in  furtlier  tests.  In  view  of  latter  results  It  is 
probable  that  part  of  the  increase  of  cuirent  obtained  was  due  to  the  mechanical  cleaning  o( 
the  wire  produced  by  the  exploalon. 
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tures  are  recorded  in  column  5 ;  the  values  of  the  currents  being  roughly 
one  third  to  one  half  of  the  initial  effects.  The  increased  emission  ob- 
tained after  heating  electrically  in  hydrogen  did  not  decay  to  the  low- 
valued  emission  condition,  such  as  indicated  in  column  3,  as  quickly  as 
when  the  wire  was  heated  in  the  Bunsen  flame. 

Following  the  current  readiags  given  in  column  6,  the  vnit  was  washed 
for  a  minute  or  two  in  boiling  dilute  nitric  acid,  then  cleansed  in 
distilled  water  and  when  dry  was  repUiced  in  the  apparatus.*  The 
thermionic  currents  following  this  treatment  of  the  wire  are  contained 
in  column  7.  The  relative  magnitude  of  the  currents  before  and  after 
the  cleaning  in  add  is  as  lai^e  and  at  several  temperatures  greater  than 
the  effects  obtained  by  heatii^  the  wire  in  hydrt^en. 

The  ionization  from  heated  platinum  is  apparently  a  surface  effect, 
and  any  change  in  the  surface  conditions  of  the  wire,  whether  by  heating 
in  a  gas  or  chemically  cleaning,  affects  the  subsequent  ionization.  That 
the  use  of  a  chemical  reagent,  which  in  itself  has  no  effect  upon  platinum, 
should  cause  such  changes  in  the  ionization  effects  indicates  the  formation 
<A  a  layer  of  practically  non-ionizable  material  built  up  at  or  carried  to  the 
surface  of  the  wire  when  heated  for  some  time  under  potential.  The 
re^due  of  materials  thus  formed  and  not  capable  of  producing  ions  would 
increase  and  become  more  operative  with  time  and  act  as  a  blanket  toward 
the  "evaporation"  of  ions  from  the  surface.  It  seems  impossible  to 
explain  results  such  as  those  just  presented  on  the  theory  that  the  chief 
source  of  the  carriers  of  positive  electricity  from  heated  metals  conusts 
of  abeorbed  gases.  The  function  of  a  gas  in  restoring  the  power  a  wire 
has  of  producing  ionization  may  be  due  to  one  or  to  all  of  several  causes: 
first,  a  chemical  change  of  such  a  nature  as  to  render  an  inactive  surface 
layer  an  efficient  source  of  ionization;  second,  the  removal  of  surface 
material  by  volatilization  of  new  chemical  compounds  or  (X>mbinations 
formed  at  high  temperatures;  third,  in  accord  with  some  experiments 
by  Reboul  and  de  BoUemont,*  the  violent  evaporation  of  absorbed  gas 
may  mechanically  cleanse  the  surface.  Some  time  ago  Richardson' 
advanced  the  theory  that  "the  effect  of  hydrogen  is  due  to  some  changes 
it  produces  in  the  platinum  surface";  he  discusses  this  hypothesis  at 
some  length  in  the  concluding  paragraphs  of  the  article  referred  to. 

In  the  face  of  these  experiments  the  writers  are  of  the  opinion  that  the 
weight  of  evidence  is  in  favor  of  Richardson's  view  that  the  positive 

•  The  wire  was  not  removed  from  lt»  supporta  In  any  ot  theee  operetlons;  otherwiie  critl* 
dsm  might  jiutly  be  <^eTed  on  tbe  ground*  ot  contamination  In  replacing  the  wire.  etc. 
■  Comptea  Rendu*.  153, 1911,  pp.  638-630. 
»PhiL  T«uw.,  Vol.  ao7.  1908- 
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emission  from  heated  platinum  consists  chiefly  of  charged  atoms  of  sodium 
and  potassium  present  as  impurities. 

Summary. 

I.  Two  sources  capable  of  producing  thermions  are  present  as  impuri- 
ties in  platinum. 

3.  One  source  of  ionization  is  more  easily  driven  out  by  heating  than 
the  other. 

3.  After  continued  heating  and  when  investigated  within  the  proper 
temperature  region,  two  distinct  types  of  current-time  curves  are  ob- 
tained; one  showing  a  decay  with  time  from  an  initial  maximum,  the 
other  giving  rise  to  a  maximum  after  two  or  three  minutes  heating  fol- 
lowed by  the  usual  decay  effects. 

4.  The  thermionic  emission  from  a  wire  which  has  lost  its  power  of 
producing  ions  may  be  enhanced  and  made  comparable  with  the  initial 
effects  by  (a)  heating  in  a  Bunsen  flame,  (6)  heating  electrically  in 
hydrogen,  (c)  cleaning  the  wire  with  add. 

5.  The  proposition  is  advanced  that  any  change  in  the  surface  condi- 
tions of  a  wire  or  a  salt  will  affect  the  subsequent  ionization  effects. 

Physical  Laboratory, 

Ohio  Statb  University, 
June,  1913. 
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THE    REVERSIBLE    ADIABATIC    EXPANSION    OF    WATER. 


By  J.  R.  RoKBUcK. 

IF  water  be  subjected  to  a  change  of  pressure  it  is  a  matter  of  experi- 
ment that  the  temperature  usually  shifts  Rightly  also.  This 
temperature  change  de[>ends  upon  the  initial  temperature,  the 
initial  pressure,  and  the  pressure  change.  The  work  described  here  was 
undertaken  on  account  of  its  bearing  on  the  method  for  the  determina- 
tion  of  the  mechanical  equivalent  of  heat  described  in  an  earlier  paper,' 
where  a  quantitative  knowledge  in  a  limited  region  of  the  relation  between 
these  variables  was  required.  This  relation  has  been  studied  both 
experimentally  and  theoretically 
by  G.  Tammann*  who  deduces  the 
thermodynamic  equation, 

\dp/^  C,\dtf,' 
where  C,  is  the  specific  heat  of 
water  at  constant  pressure  and  the 
subscript  Q  indicates  adiabatic  con- 
ditions. He  integrates  this  equa-  I' 
tion  arithmetically  and  obtains  a 
set  of  curves  which  will  aid  in  the 
discussion  of  this  work  if  they  are 
reproduced  here,  Fig,  i.  The  or- 
dinates  are  temperature  change 
from  the  initial  temperature 
marked  on  each  curve,  and  the 
final  pressure  is  always  the  same,  one  atmosphere. 

From  these  curves  it  is  at  once  evident  that  by  a  suitable  choice  of 
temperature,  pressure  and  pressure  drop,  the  resulting  change  of  tem- 
perature will  be  zero.  It  will  also  be  evident  that  the  pressure  drop  need 
not  be  always  to  one  atmosphere,  the  condition  in  these  curves,  to  have 
this  condition  filled.    By  the  choice  of  one  of  these  sets  of  conditions  for 

'  Phts.  Rbv_  3d  Ser..  2,  79.  i9"3- 

■  Uber  die  Bettehungen  EwlKhen  den  Innenn  KrSf ten  uad  ElfuuclMften  der  LOniageii, 
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the  porous  plug  reading,  the  total  temperature  change  occurring  there 
(with  a  trifling  correction)  would  be  due  to  the  work  done  on  the  water,, 
that  is,  the  only  serious  correction  would  be  reduced  to  zero. 

Except  with  two  points  of  difference  the  apparatus  used  for  the  work 
on  the  mechanical  equivalent  of  heat  was  used  here.  The  first  difference 
was  that  the  higher  pressures  frequently  used  required  other  apparatus 
for  its  measurement  than  the  open  tube  mercury  manometer.  Some 
experience  with  spring  gauges  has  shown  them  to  be  quite  unreliable  for 
close  work.  The  trouble  seems  unfortunately  to  be  connected  with  the 
elastic  properties  of  materials  and  less  seriously  with  the  multiplying 


a,a.a,  steel  [dston;  6,  h,  cylinders;  c,  c,  c,  c.  cast-iron  yoltx;  d.  4,  lugs  for  legs;  «,  e,  pulley; 
/•  /.  ring' of  ball  besning;  g.  arm  for  holding  "/"  from  rotating;  A,  k,  unions  for  pressure  leads; 
i.  i.  relief  cocks;  J.  j.  ring  for  gimbals. 

mechanism.  To  summarize,  the  reading  depends  somewhat  on  the  time 
during  which  the  pressure  is  on  the  gauge,  increasing  slightly  with  time. 
The  reading  is  materially  different  when  approached  from  a  higher 
pressure  from  that  obtained  when  approached  from  a  lower  pressure  and 
this  quite  beside  any  lost  motion  or  friction  in  the  recording  mechanism. 
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The  elasticity  of  the  spring  tube  depends  upon  the  temperature.  Beude 
these  grave  faults,  many  even  of  the  expensive  gauges  have  serious  eiron 
due  to  the  multiplying  mechanism  such  as  lost  motion,  friction  and  ir- 
regularity  due  to  gear  transmisuon.  Their  great  advantages  are  their 
ra[Mdity  and  ease  of  reading. 

Ejtperience  with  the  rotating-piston  pressure  regulator  had  proved  it 
to  be  so  reliable,  that  a  modified  type  of  the  engineer's  dead-weight  tester 
promised  to  give  satisfactory  results.  Accordingly  a  differential  manom- 
eter of  this  type  was  designed  and  its  use  in  this  and  other  projected  work 
justifies  a  full  description.  It  was  built  in  the  department  shop  by  Mr. 
Foerst  and  no  small  part  of  its  ^ccellent  performance  was  due  to  his 
accurate  and  careful  work.  A  vertical  section  is  shown  in  Fig.  3  and  a 
photograph  of  the  a>mplete  instrument  in  Fig.  3.  Two  cylinders  (i) 
face  each  other  on  a  common  axis  in  a  cast-iron  frame  (c)  and  are  entered 
through  leather  [lacked  stuffing  boxes  by  a  common  piston  (a)  of  glass- 
hard  steel  carefully  ground  and  polished.  At  its  center  this  piston 
carries  a  double  grooved  pulley  (e)  for  rotating  by  round  belts  from  two 
oppo^te  cylinders  under  nearly  equal  tension.  On  the  upper  side  of 
this  grooved  pulley  (e)  is  a  thrust  ball-bearing  carryii^  through  gimbals 
(/  and  j)  and  a  steel  U,  a  vertical  iron  rod  with  a  disk  at  the  lower  end 
for  supporting  the  load  of  slotted  iron  weights.  The  arm  (x)  holds  the 
gimbals  from  rotating  while  it  allows  vertical  motion.  All  of  these  parts 
except  the  load  are  counterpoised  by  a  weight  hung  over  a  pulley  sup- 
ported on  hard-steel  knife-edges.  An  iron  cylinder  attached  to  this 
counterpoise  dips  in  mercury  and  serves  to  give  the  rotatii^  cylinder  a 
definite  vertical  equilibrium  position.  It  is  provided  with  a  scale  and  was 
calibrated  for  displacement  by  small  known  weights.  The  cylinders 
were  filled  with  paraffin  oil  and  connected  to  the  water  system  through 
U-tubes  where  the  oil  floated  on  the  water.  A  block  of  steel  carried  the 
necessary  relief  cocks  and  valves.  A  single  pressure  was  read  by  balanc- 
ing the  pressure  admitted  only  to  the  lower  cylinder,  by  a  load  of  the 
iron  weights;  while  a  difference  of  pressure  was  read  by  admitting  the 
higher  pressure  to  the  lower  cylinder,  the  lower  pressure  to  the  upper 
cylinder,  and  balancing  the  difference  by  the  load.  The  pistons  were  so 
nearly  the  same  size  that  when  in  the  symmetrical  equilibrium  position 
the  same  pressure  up  to  300  atmospheres  applied  simultaneously  to  the 
two  pistons  did  not  displace  the  zero  beyond  the  experimental  error  of 
setting.  The  piston  always  returned  from  either  direction  in  three  to 
five  minutes  to  within  a  mm.  of  the  equilibrium  position.  A  displace- 
ment of  a  mm.  corresponded  to  o.oi  lb.  load,  or  0.3  lb.  per  sq.  in.  pressure. 
The  slotted  iron  wdghts  were  standardized  against  the  state  standards  at 
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the  state  laboratory,  for  which  courtesy  my. thanks  are  due  to  Mr. 
Dowling,  in  charge  there.  The  diameter  of  the  piston  was  measured 
with  a  micrometer  calipers  and  over  the  part  in  use  was  exceedingly  true. 
A  simultaneous  reading  of  a  pressure  on  this  instrument  and  on  the  open 
tube  mercury  manometer  checked  with  this  measurement  of  the  diam- 
eter to  o.  I  per  cent.  There  was  no  leak  past  the  leather  packing  and  under 
these  conditions  it  is  difiicult  to  see  how  a  compression  of  the  steel  piston 
by  the  pressure  used  could  influence  the  effective  area  of  cross-section. 
Measurements  of  pressure  due  to  the  rotating-piston  regulator  could  be 
duplicated  to  o.i  per  cent. 

The  second  difference  in  the  experimental  arrangement  was  in  the  plug 
chamber.  The  plug  was  removed  and  the  thermometer  which  had 
been  inside  the  plug  served  for  these  readings.  The  other  thermometer 
was  removed  to  the  bath  and  its  place  in  the  pressure  system  was  taken 
by  a  device  for  stirring  the  water  in  the  plug  chamber  immediately  about 
the  thermometer.  A  cylinder  of  very  thin  brass  was  placed  around  the 
thermometer  and  stirrer,  so  that  the  stirred  water  whose  temperature 
changes  were  followed,  was  surrounded  by  a  cylinder  of  water,  not  stirred, 
but  subjected  to  the  same  pressure  vibrations.  The  stirring  of  the  inner 
chamber  had  to  be  limited  to  a  very  gentle  movement  once  per  minute 
or  the  effect  of  it  showed  at  once  on  the  thermometer. 

In  reading  platinum  resistance  thermometers  the  best  procedure  is 
to  use  a  continuous  current  so  that  the 'heating  of  the  thermometer  coils 
will  be  similar.  In  this  work  the  addition  of  this  energy  to  the  water 
about  the  thermometer  would  have  led  to  a  marked  rise  of  temperature 
when  continued  over  the  time  for  whichathe  experiment  lasted,  so  that  it 
became  necessary  to  make  the  bridge  settings  by  momentary  contacts  of 
the  Callendar  key.  This  involves  reading  a  small  induction  effect  as 
resistance,  though  the  bridge  coils  and  thermometers  were  wound  non- 
induclively,  but  since  the  resistance  was  varying  within  very  narrow 
limits,  a  few  thousandths  of  a  degree  at  most,  the  induction  effect  would 
go  out  in  the  process  of  subtraction  of  the  resistances  to  get  the  tempera- 
ture change. 

The  experimental  procedure  was  as  follows:  After  the  thermostat  had 
been  in  steady  operation  for  at  least  an  hour,  the  stirrer  was  operated 
and  the  temperature  read  to  o.oooi"  C,  once  per  minute,  till  the  tempera- 
ture became  constant  to  about  this  amount,  when  the  pressure  was 
changed  suddenly  the  predetermined  amount  by  changing  the  load  on  the 
regulator,  and  the  temperature  again  followed  for  about  ten  minutes. 
Usually  in  four  to  six  minutes  it  was  constant  again,  and  in  case  the 
temperature  change  was  lai^e  it  often  showed  a  drift  at  the  end  of  the 
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ten  minutes.  After  an  interval  of  thirty  minutes  to  one  hour  this  experi- 
ment was  followed  by  a  duplicate  determination  except  that  the  pressure 
change  had  the  opposite  sign.  The  two  readings  usually  checked  to 
within  0.0003°  C.  but  some  showed 
lai^  differences  due  probably  to 
thermostat  irregularities. 

The  temperature  changes  imme- 
diately following  the  pressure 
change  are  of  some  interest.  Fig. 
4  shows  a  typical  curve,  for  a  relief 
of  pressure.  Immediately  follow- 
ing the  pressure  drop  the  thermo- 
meter records  a  sudden  fall  of  tern- 
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perature  due  probably  to  the  work  done  by  the  thermometer  case 
against  the  falling  pressure.  This  is  followed  by  a  rapid  return  to  the 
temperature  of  the  water  which  may  be  above  or  below  the  initial  tem- 
perature.   In  the  case  ^ured  the  temperature  fell  0.0016°  C. 

To  explore  the  field  generally 
a  limited  set  of  readings  was 
taken  between  o"  and  4°  C, 
with  the  lower  pressure  always 
one  atmosphere,  and  the  results 
are  plotted  in  Fig.  5.    This 
method  of  building  up  the  curves 
does  not  give  those  which  are 
the  most  useful.    For  each  curve 
the  initial  temperature  and  final 
pressure  are  always  the  same,  so 
that  the  curve  does  not  repre- 
sent exactly  the  path  of  the 
water  during  an  expansion.    For 
this  either  both  initial  or  both 
final  conditions  should  be  alike 
for  all  points  on  a  curve.     But 
since  the  t«mperature  change  is 
BO  small  and  such  a  slight  function  of  the  initial  temperature,  the  differ- 
ence between  the  methods  is  immaterial.     The  curves  are  of  the  same 
form  as  Tammann's  in  Fig.  i.     On  attempting  a  numerical  check  it  was 
soon  apparent  that  the  data  on  the  coefficient  of  expansion  at  these 
temperatures  were  so  uncertain  as  to  make  the  calculations  of  little 
value.     In  the  case  of  one  reading  at  26°  C,  the  agreement  was  within 
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the  accuracy  of  reading  from  the  original  figure  given  by  Tammann. 
Certain  of  these  curves  cut  the  axis  for  zero  temperature  change,  which 
were  the  points  of  particular  interest  for  this  work.  In  general  the  tem- 
perature change  is  a  function  of  the  initial  temperature,  the  initial 
pressure,  and  the  pressure  change.  The  particular  value,  At  **  o,  is  con- 
sequently, a  function  of  all  three 
variables.  Fig.  6  gives  the  {p,  t)  rela- 
tion of  these  points  for  the  final  pres- 
sure always  one  atmosphere.  The 
curve  cuts  the  temperature  axis  close 
tc  3.96°  C,  in  good  agreement  with 
the  temperature  of  maximum  den- 
sity of  water  at  atmospheric  pres- 
sure, as  was  to  be  expected  from 
Tammann's  equation.  The  point  at  3.59°  C.  was  determined  with 
especial  care  by  varying  the  temperature  at  which  the  reading  was  made 
using  the  same  initial  and  final  pressures,  and  the  readings  are  plotted  in 
Fig.  7.     This  curve  and  the  corresponding  curve  estimated  from  Fig.  5 
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Fig.  7. 

give  the  temperature  and  pressure  limits  between  which  the  mechanical 
equivalent  had  to  be  determined  with  this  final  pressure  so  that  the  cor- 
rection should  fall  below  0.0001*  C. 

From  Tammann's  equation  pven  above  it  is  at  once  evident  that  when 
(dt/dp),  —  o,  then  also  (dv/dt),  =  o,  since  the  other  quantities  involved 
do  not  go  to  zero.  That  is  to  say,  the  maximum  density  conditions  are 
also  conditions  where  the  adiabatic  rate  of  change  of  temperature  with 
change  of  pressure  is  zero.  This  offered  another  chance  for  experimental 
test  of  the  theory  and  it  was  hoped  might  also  prove  to  be  a  satisfactory 
method  for  the  determination  of  the  pressure-temperature  relations  of 
the  maximum  density.  But  the  method  proved  exceedingly  laborious 
and  the  results  did  not  justify  the  labor  required.  The  desired  data 
called  for  the  determination  of  At/Ap  at  the  limit  Ap  =  o.    As  a  rule  this 
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is  not  possible  and  approximations  have  to  suffice.  Here  it  is  possible, 
since  the  rate  has  positive,  zero,  and  negative  values.  The  procedure  is  to 
find  a  sufficient  group  of  sets  of  conditions  under  each  set  of  which  Al  —  o; 
from  which  it  is  possible  to  interpolate  for  the  set  of  conditions  under 
which  Ap  ■-  o.  The  experiments  deal  with  four  variables  and  following 
the  usual  plan  two  are  kept  osnstant  while  the  relation  between  the  other 
two  is  being  determined.  The  two,  p  and  At,  were  chosen  as  being  the 
most  readily  managed  with  the  experimental  set-up.  A  series  of  readings 
were  made  at  constant  temperature,  of  the  temperature  change  due  to 
a  constant  pressiu^  drop  from  a  series  of  initial  pressures.  If  all  four 
variables  were  chosen  suitably,  the  curve  obtained  by  plotting  the  experi- 
mental values  of  p  and  At  cut  the  axis  for  P  at  which  point  At  =  D.  It 
was  only  necessary  to  plot  the  values  as  the  readings  progressed  when 
from  the  trend  of  the  curve  p  could  be  so  chosen  as  to  make  At  go  through 
the  zero  value.  This  was  repeated  for  other  values  of  Ap  but  the  same 
temperature,  each  curve  giving  a  value  of  p  and  Ap  at  which  for  this 
temperature  A(  =  o.  Plotting  of  these  values  of  p  and  Ap  gave  a  curve 
cutting  the  p  axis  where  Ap  ■=  o,  or  at  least  by  indicating  the  trend  of  the 
curve  enabled  the  experiments  to  be  so  chosen  as  to  make  the  curve  cut 
this  axis.  For  this  cutting  point  then  Ap  =  o,  also  A(  =  o,  so  that 
{dt/dp)f  —  o,  and  the  values  of  p  and  t  therefore  describe  maximum 
density  conditions.  The  whole  process  had  then  to  be  repeated  for 
other  constant  temperatures,  each  repetition  giving  a  netf  point  on  the 
maximum   density   pressure-temperature   curve.    A   lai^e   number  of 
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readings  were  required  to  fix  one  of  these  points.  The  determination  in 
duplicate  of  four  to  six  points  required  a  day's  work.  The  data  as  re- 
ported cxiuld  be  improved  by  a  larger  number  of  readings,  but  the  results 
did  not  promise  to  be  as  reliable  as  those  by  direct  measurement  of 
volume.  None  of  the  actual  data  is  reported  but  only  the  fineil  curve. 
Fig.  8.  The  points  fall  around  Amagat's  curve  for  the  maximum  density 
and  hence  may  be  taken  as  supporting  Tammann's  equation. 
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The  principal  contents  of  this  paper  are: 

1.  Description  of  an  accurate  rotating-piston  differential  manometer. 

2.  The  method  and  data  for  fixing  the  point  at  3.59°  C.  for  the  method 
for  the  determination  of  the  mechanical  equivalent  of  heat. 

3.  Experimental  test  of  Tammann's  curves,  both  direct  and  indu'ect. 

4.  Describes,  tests  and  rejects  an  indirect  method  for  the  determination 
of  the  (p,  t)  relations  of  the  maximum  density  of  water. 
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A  DETERMINATION  OF  efm  AND  v  BY  THE  MEASUREMENT 
OF  A  HELIX  OF  WEHNELT  CATHODE  RAYS. 

Bt  J.  B.  Nathanson. 

IN  1904  A.  Wehnelt*  showed  that  the  output  of  negative  earners  of 
electricity  emitted  from  incandescent  Pt,  could  be  enormously 
increased  by  coating  the  Pt  with  a  layer  of  an  alkaline  earth  metal  oxide 
like  CaO.  Using  this  Pt  as  a  cathode,  Wehnelt  determined  ejm  and  v 
for  the  cathode  beam  issuing  from  the  hot  lime.  The  method  employed 
was  the  utilization  of  the  potential  difference  of  discharge  and  the  meaa* 
urement  of  the  diameter  of  the  circle  into  which  the  rays  were  magnet- 
ically bent.  Wehnelt  obtained  an  average  value  of  148  X  10^  for  ejm, 
and  for  v  values  ranging  from  0.16  X  lo*  to  1,07  X  10'  cm.  per  second. 
J.  Classen,*  employing  a  photographic  method  for  determining  the  diam- 
eter of  the  circle,  obtained  a  value  of  i  .773  X  10'  for  ejm.  C.  T.  Knipp,* 
using  the  method  of  electrostatic  and  magnetic  deflections,  obtained  a 
value  of  1 .5  X  10*  for  elm  and  1.6  X  10*  for  v. 

In  the  present  investigation,  the  method  employed  was  the  utilization 
of  the  principle  of  both  m^^netic  and  electrostatic  deflections.  This 
avoids  the  assumption  that  all  of  the  electric  energy  of  the  electric  Held 
is  converted  into  kinetic  ener^  of  the  moving  particles.  Sir  J.  J.  Thom- 
son* has  shown  that  when  a  moving  electron  is  projected  into  a  uniform 
magnetic  and  a  uniform  electrostatic  fleld,  the  lines  of  force  of  both  fields 
being  parallel,  that  Ae  electron  will  describe  a  helical  path,  the  helix 
being  of  increasing  pitch. 

The  helical  path  in  the  case  of  the  Wehnelt  cathode  rays  was  experi- 
mentally realized  as  follows.  The  rays  were  projected  from  a  Wehnelt 
cathode  in  a  direction  perpendicular  to  the  lines  of  force  of  a  uniform 
magnetic  field.  The  path  assumed  by  the  rays  was  a  circle.  Upon 
application  of  a  uniform  electrostatic  field  whose  direction  coincided  with 
that  of  the  lines  of  magnetic  force,  the  circle  was  drawn  out  into  the  form 
of  a  helix. 

■  Ann.  d.  Pllys.,  14,  p.  425.  1904. 

'  Phys.  Zeit..  9.  No.  31,  p.  76a,  1908. 

'  Trans.  A.  I.  E.  E.,  p.  18S3,  iQtl. 

*Thoiiuoii'sCoDd.  of  Elec.  through  Gases,  ided..  p.  it  a. 
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The  circular  path  of  the  rays  is  given  by  the  equation 

r 
or 

v  =  H~r,  (l) 

where  H  —  magnetic  intensity,  r  =  radius  of  the  circle. 

The  negative  particles  composing  the  rays,  when  projected  in  a  direc- 
tion perpendicular  to  the  electrostatic  field  of  strength  Z,  will  rec^ve  a 
uniform  acceleration  of  Zejm  in  the  direction  of  the  field,  so  that  in  time 
/  the  electrostatic  deflection  z  will  be 

'  -  2^5-  « 

If  n  is  the  number  of  times  an  electron  has  passed  around  the  helix  in 
the  time  (,  while  experiencing  the  electrostatic  deflection  z,  then  c,  the 
velocity  of  projection  of  an  electron,  is  given  by 

2TTO  ,   , 

" ""  ~r-  ^^^ 

Evidently  the  time  taken  by  the  electron  to  go  once  around  the  circle 
with  the  constant  velocity  of  projection  v,  is  equal  to  the  time  taken  by 
the  electron  to  pass  once  around  on  its  helical  path  with  a  resultant 
velocity  v^.    Hence 

Ze  25rVn' 
'  '  m  -^-  (+^ 

Substituting  the  value  of  v  from  (l)  into  (4)  and  solving  for  ejm,  we 
have, 

e       Z  2ii*n' 

It  was  found  very  early  in  the  investigation  that  the  beam  of  rays 
after  having  passed  the  first  time  around  on  its  helical  path,  would  sufl'er 
a  deflection  or  distortion  when  repassing  over  the  cathode,  this  deflection 
being  due  to  like  sign  of  both  cathode  and  electrons.  As  a  result  of  this 
deflection,  the  uniformity  of  increase  of  pitch  was  disturbed,  and  it  was 
therefore  deemed  advisable  to  measure  the  electrostatic  deflection  for  the 
first  one  half  turn  only.     Accordingly  equation  (5)  reduces  to 

m      IPiz     2dIPz'  ^  ' 

where  V  =  potential  difference  of  electrostatic  plates,  d  —  distance  be- 
tween electrostatic  plates. 
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Eliminating  ejm  from  (i)  and  (4)  and  letting  n  =-  1/3,  we  have  for  d, 
"  "  2dHz 


(7) 


Description  of  Apparatus. 

The  discharge  chamber  consisted  of  a  jar  /,  lying  on  its  side,  21  cm.  in 
diameter  and  18  cm.  deep.  The  mouth  of  the  jar  was  ground  plane  to 
receive  a  square  piece  of  plate  glass  P.  This  was  fitted  on  airtight  by 
means  of  a  mixture  of  equal  parts  of  beeswax  and  resin.  The  plate  glass 
window  permitted  accurate  measurements  to  be  taken  on  the  helix 
without  any  accompanying  optical  distortion. 

The  electrostatic  deflections  were  affected  by  two  parallel  Al  plates, 
A  and  B,  resting  on  an  improvised  glass  support  S.  These  plates  were 
circular,  being  15  cm.  in  diameter.    The  upper  plate  A  was  coimected 


F^.  1. 

through  a  water  resistance  to  the  (+)  pole  of  the  battery,  the  lower  plate 
B,  being  connected  to  the  (— )  pole.  With  this  arrangement  the  circle 
could  be  drawn  out  into  a  helix  in  an  upward  direction  away  from  the 
lower  plate.  The  difference  of  potential  between  the  plates  waa  measured 
by  a  Kelvin  multicellular  voltmeter. 

The  discharge  chamber  with  its  electrostatic  plates  was  surrounded 
by  a  uniform  m^netic  field,  furnished  by  two  large  coils  Mi  and  Mt, 
each  41  cm.  in  diameter  and  30  cm.  high.    By  means  of  proper  supports. 
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they  were  separated  from  each  other  by  a  distance  of  8.5  cm.  This 
admitted  the  introduction  of  the  Wehnelt  cathode  C  into  the  discharge 
chamber,  and  at  the  same  time  allowed  observations  to  be  taken  on  the 
helix  through  the  plate  glass  window. 

A  Grassot  flux-meter  was  employed  to  determine  the  magnetic  inten- 
Mty  H  for  any  given  value  of  the  current  /,  through  the  coils.  The  dis- 
charge chamber  was  removed  from  within  the  coils,  and  the  small  test 
coil  of  the  flux-meter  was  properly  supported  in  the  region  occupied  by 
the  helix.  Flux-meter  readings  were  plotted  against  the  values  of  /  in 
emiperes,  giving  a  straight  line  curve  through  the  origin.  From  the 
tangent  of  the  curve,  and  the  dimensions  of  the  test  coil,  the  following 
relation  was  found  between  H  and  /,  where  H  is  in  gausses,  and  /  is  in 
amperes, 

H  -  5.7098/- 

The  maximum  diameter  of  the  cathode  ray  circle  employed  in  this 
investigation  was  about  iz  cm.  To  test  the  constancy  of  the  magnetic 
field  over  this  area,  the  small  test  coil  was  moved  outwards  from  the 
axis  of  the  magnetic  coils,  noting  the  flux-meter  readings  for  various 
distances  of  the  test  coil  from  the  axis,  the  current  through  the  magnetic 
coils  being  kept  constant.  It  was  found  that  the  flux-meter  deflections 
were  practically  constant  over  a  region  of  16  cm.  diameter.  Thk  there- 
fore insured  a  constant  field  over  the  region  traversed  by  the  rays. 

Since  the  beam  of  cathode  rays  issuing  from  the  small  lime  s[>eck  on  the 
Wehnelt  cathode  is  so  compact  and  well  defined,  the  usual  encumbran<%s 
of  diaphragms,  so  necessary  in  the  case  of  ordinary  cold  cathodes,  were 
done  away  with,  and  the  Wehnelt  cathode  was  introduced  right  into  the 
electrostatic  field  through  a  hole  in  the  side  of  the  discharge  chamber. 
The  manner  of  mounting  th^  Pt  strip  on  which  the  Hme  speck  was  de- 
poMted,  was  that  employed  recently  by  Knipp,'  The  ground  glass  joint 
permitted  the  rotation  of  the  cathode  about  an  axis  perpendicular  to  the 
lines  of  magnetic  force.  The  cathode  beam  could  thus  be  oriented  around 
till  its  path  was  perpendicular  to  the  lines  of  magnetic  force.  This 
arrangement  therefore  admitted  of  easy  adjustment  for  the  obtaining 
of  the  beam  in  the  form  of  a  perfect  circle. 

The  small  lime  surface  was  obtained  by  the  placing  of  a  minute  particle 
of  Bank  of  England  sealing  wax  on  the  Pt  strip  and  then  electrically 
heating  the  strip  slowly  up  to  redness.  The  sealing  wax  was  thereby 
changed  into  a  small  round  white  speck  of  lime  whose  diameter  varied 
from  0.5  to  I  mm. 

The  discharge  potential  employed  was  1,000  volts  and  was  furnished 

>  Phvs.  Rbv.,  p.  5S,  January,  1911. 
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by  a  large  set  of  small  storage  cells.  The  cathode  was  grounded  and  oon- 
nected  to  the  (— )  pole  of  the  battery.  The  (+)  pole  was  connected 
through  a  water  resistance  to  the  anode  which  was  in  the  form  of  an  Al 
collar  on  the  inside  of  the  tube  Tt. 

Method  of  Procedure. 

The  Wehnelt  cathode  rays  are  easily  absorbed  by  any  residual  gas  in 
the  tube  and  hence  are  obtainable  with  distinctness  only  at  a  very  high 
vacuum.  The  vacuum  used  was  therefore  the  highest  obtainable  by 
means  of  a  Gaede  pump  and  charcoal  cooled  to  liquid  air  temperature. 

The  cathode  beam  was  started  by  closing  the  1,000-volt  discharge 
circuit,  and  then  slowly  heating  the  Pt  cathode  to  redness.  It  usually 
took  some  time  for  the  cathode  beam  to  appear,  the  first  appearance  of 
the  beam  being  in  the  form  of  a  whitish  flaky  cloud.  The  temperature 
of  the  Pt  was  then  slowly  increased  till  the  flaky  doud  changed  into  a 
sharp  beam  which  issued  normally  from  the  cathode.  This  beam  was 
usually  not  perpendicular  to  the  lines  of  magnetic  force  and  hence  when 
the  magnetic  field  was  applied  the  beam  changed  into  a  helix.  By 
rotating  the  cathode  in  the  ground  glass  joint,  this  helix  was  readily 
charged  into  a  perfect  circle  which  lay  in  a  horizontal  plane. 

The  telescope  of  the  cathetometer  was  then  sighted  on  the  plane  of 
the  circle,  the  horizontal  cross  wire  being  placed  on  the  horizontal  edge 
of  the  circle  at  a,  Fig.  2.     Upon  application  of  the 
electrostatic  field,  the  circle  was  drawn  out  into  a  '■*-.^ 

helix  whose  diameter  was  usually  somewhat  less  ")> 

than  the  diameter  of  the  circle.    The  horizontal    b_<;- 

cross  wire  of  the  telescope  was  then  sighted  at  b    "  "'^ 

to  obtain  the  electrostatic  deflection  for  1/2  turn,  e-i-^ — !_ 

the  difference  in  the  cathetometer  readings  between  p^g_  2, 

6  and  a  giving  the  amount  of  this  deflection. 

The  diameter  of  the  circle  was  measured  by  placing  the  leg  of  a  square 
against  the  plate  glass  window,  and  moving  the  square  along  till  the  edge 
of  the  circle  at  one  half  turn  was  in  line  with  the  other  leg  of  the  square. 
The  same  was  done  for  the  other  side  of  the  circle  at  the  cathode.  The 
difference  between  the  two  positions  gave  the  diameter  to  within  i  per 
cent.,  as  dose  a  measurement  as  could  be  warranted  by  the  slight  fuzziness 
of  the  boundary  of  the  beam. 

It  was  found  that  the  lime  would  continually  deteriorate  and  fall  off 
from  the  hot  Pt  so  that  the  beam  would  weaken  and  fade  away  with 
continual  use.  This  necessitated  the  raising  of  the  temperature  of  the  Pt 
to  bring  the  beam  back  ^ain  to  distinctness.    Thus  during  the  course  of 
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an  experiment,  the  temperature  of  the  Pt  was  intermittently  raised  from 
red  to  white  heat. 

Discussion. 

The  values  of  e/m  vary  from  1.27  to  2.07  X  10^,  giving  an  average  value 
of  1.61  X  10'.  This  agrees  favorably  with  Wehnelt's  value  of  1.48  and 
Knipp's  value  of  1.5,  but  is  less  than  Classen's  value  of  1.773  obtained  by 
a  photographic  method.  The  values  of  v  vary  from  i.oo  to  1.75  X  lo' 
cm.  per  second,  giving  an  average  value  of  1.39  X  10'.  We  would  of 
course  expect  v  to  vary  with  the  different  temperatures  employed. 

It  might  be  instructive  to  check  this  value  of  v  by  another  method. 
If  V  is  the  potential  difference  between  anode  and  cathode,  then  we  have 
from  the  equivalence  of  electrical  and  kinetic  eneigy. 


N     m 


Supplying  in  this  equation  V=  1,000  volts,  and  e/wi  =  1.61  X  lo'.fis 
found  to  be  1.79  X  10*  cm.  per  second.  This  is  somewhat  higher,  but 
of  the  same  order,  than  the  value  of  v  experimentally  obtained.  However 
the  actual  difference  of  potential  between  anode  and  cathode  had  it  been 
carefully  examined,  by  means  of  a  sounder,  would  have  been  found  less 
than  1,000  volts. 

Table  I. 

Distance  between  the  electrostatic  platea  »  6.60  cm. 


^-T"- 

OauMm. 

V^u, 

Cb„ 

Co., 

'lmX«r^. 

..-. 

1 

3.30 

18.84 

81.3 

1.01 

10.1 

1.71 

1.62 

2 

3.99 

22.78 

81.2 

0.85 

7.7 

1.39 

1.21 

3 

3.33 

19.01 

79.5 

1.08 

10.0 

.56 

1.14 

4 

4.70 

26.84 

119.5 

0.98 

6.4 

.27 

1.09 

S 

3.20 

18.27 

80.0 

1.10 

10.0 

.64 

1.49 

6 

3.75 

21.41 

119.3 

1.33 

7.7 

.46 

1.20 

7 

3.43 

19.58 

79.5 

0.99 

9.3 

.59 

1.44 

8 

2.90 

16.56 

120.0 

1.94 

10.2 

.70 

1.43 

9 

3.62 

20.67 

83.0 

I.Ol 

8.1 

1.44 

1.20 

10 

2.90 

16.56 

120.0 

1.72 

10.3 

1.91 

1.63 

11 

3.61 

20.61 

126.0 

1.30 

8.7 

i.71 

1J3 

12 

3.35 

19.13 

43.0 

0.43 

8.9 

2.07 

1.75 

13 

4.20 

23.98 

120.0 

1.05 

7.2 

1.49 

1.29 

Returning  to  the  values  of  e/m  given  in  Table  I.,  we  noti<£  that  they 
vary  somewhat  among  themselves.  It  seems  that  Wehnelt^  had  the 
same  experience,  for  his  table  shows  e/m  to  vary  from  1.34  to  1.81  X  10^. 

I  Ami.  d.  Phys  ,  I4>  p-  435-  lfH>4- 
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Since  the  method  of  this  investie:ation  is  so  difFerent  from  Wehaelt's 
method,  there  seems  to  be  no  other  conclusion  than  that  the  cause  of 
the  variation  of  e/m  lies  in  the  nature  of  the  Wehnelt  cathode  itself.  It 
was  previously  mentioned  that  the  lime  was  continually  disappearing 
from  the  hot  Pt  necessitating  now  and  then  the  raising  of  the  temperature 
of  the  Pt  to  obtain  a  sharper  beam.  Other  recent  work  in  this  laboratory 
on  the  Wehnelt  cathode  shows  quite  conclusively  that  the  activity  of  the 
hot  lime,  when  sup[died  by  Bank  of  England  sealing  wax,  falls  off  rapidly 
with  use — the  current  rising  to  successively  lower  and  lower  maxima 
each  succeeding  day  when  heated  to  the  same  temperature.  It  is 
evident,  due  to  the  sputtering  of  the  hot  lime  cathode  together  with  the 
probable  complex  character  of  the  lime  obtained  from  the  sealing  wax, 
that  the  source  of  the  negative  carriers  of  electricity  is  not  a  constant  one. 
Slight  variations  in  the  heating  current  made  correspondingly  very  large 
variations  in  the  density  of  the  cathode  beam.  This  inconstancy  must 
account  in  a  lai^e  measure  for  the  variation  of  e/m. 

The  disturbing  effect  of  introducing  the  cathode  between  the  electro- 
static field  plates  was  less  than  the  error  due  to  the  variations  just  men- 
tioned. This  was  shown  to  be  the  case  by  introducing  the  hot  Pt  strip 
carrying  the  lime  up  through  a  slot  in  the  lower  plate  and  adjusting  so 
that  the  cathode  beam,  when  bent  into  a  circle  by  the  strong  magnetic 
field,  just  grazed  the  upper  surface  of  this  plate,  the  electrostatic  field 
being  zero. 

In  addition  it  might  be  said  that,  apart  from  all  quantitative  measure- 
ments, the  helical  method  is  most  beautiful  in  its  nature,  and  the  appa- 
ratus serves  very  excellently  as  a  demonstration  piece  for  the  magnetic 
and  electrostatic  deflection  of  cathode  rays. 

In  conclusion  I  take  this  opportunity  of  expressing  my  thanks  to  Pro- 
fessor A.  P.  Carman  for  the  facilities  that  were  so  kindly  placed  at  my 
disposal,  and  to  Dr.  C.  T.  Knipp  who  made  this  work  possible  by  his 
kind  help  and  suggestions. 

Laboratory  (w  Physics, 
UmvBRSiTY  OF  Illinois, 
June,  1913. 
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A  PRACTICAL  ELECTRICAL  METHOD  OF  MEASURING  THE 

DISTANCE  BETWEEN  PARALLEL  CONDUCTING  PLANES, 

WITH  APPLICATION    TO  THE  QUESTION   OF  THE 

EXISTENCE  OF  ELECTRON  ATMOSPHERES. 

Bt  F.  C.  Bkown. 

IN  the  Philosophical  Magazine  for  August,  1912,  Professor  R.  W.  Wood 
raises  the  interesting  question  of  the  existence  of  conducting  atmos- 
pheres  surrounding  metallic  surfaces.  The  necessity  for  this  hypothesis 
arose  from  a  number  of  experiments,  in  which  electrical  conduction  took 
place  between  metallic  surfaces,  when  they  were  separated  between  30 
and  30  wave-lengths  of  sodium  light.  The  hypothesis  appeals  to  the 
imagination  but  it  is  not  easy  to  reconcile  it  with  the  well-known  experi- 
ments by  Earhart,'  Hobbs,*  Kinsley,'  Almy,*  Williams,*  and  others  who 
found,  by  the  use  of  interferometer  methods,  that  there  was  good  insula- 
tion when  the  conductors  were  much  closer  than  the  distances  observed 
by  Wood.  Perhaps  the  argument  may  be  urged  against  the  interferom- 
eter methods  that  no  allowance  was  made  for  a  possible  deformation  of 
the  metallic  surfaces  under  the  electrical  stresses ;  nor  have  such  methods 
as  were  used  been  infallible  in  detecting  the  absolute  point  of  contact 
between  the  surfaces. 

Moreover,  Wood's  experiments,  considered  alone,  do  not  seem  con- 
sistent with  the  electron  atmosphere  hypothesis,  for  such  an  atmosphere 
should  extend  out  the  same  distance  from  the  surface  regardless  of  the 
insulating  material  between  the  surfaces,  particularly  so  when  the  ma- 
terial is  in  discontinuous  sheets.  His  results  should  not  have  shown  a 
greater  variation  than  the  variation  of  his  optical  flat  from  that  of  a  true 
plane. 

I  have  tested  an  electrical  method  for  measuring  small  distances  in 
order  to  gain  information  which  might  help  in  explaining  the  above 
apparent  discrepancies.  I  have  found  the  method  useful  emd  the  applica- 
tion interesting.  The  application  can  be  most  readily  understood,  after 
the  method  has  been  explained. 

>  Phil.  Mag.  (6),  I,  p.  147,  igoi. 

>  Phil.  Mat.  (6),  10,  p.  617,  1905. 
'  Phil.  Mat-  (6).  9.  p.  693,  1905. 
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The  electrical  method  of  measuring  the  distance  between  two  plane 
conductors  is  based  on  a  measurement  of  the  electrical  capacity  which 
the  two  planes  possess  by  virtue  of  their  nearness.  For  small  distances 
such  as  I  used  the  distortion  of  the  lines  of  force  at  the  edge  of  the  planes 
was  so  small  that  no  appreciable  error  arose  therefrom,  and  the  capacity 
of  the  connecting  wires  and  the  upper  plane  isolated  was  only  from  three 
to  five  units  and  could  be  corrected  for  or  neglected.  This  method 
involves  the  elementary  but  fundamental  and  absolute  formula, 

C  -  Sl^rd,  (l) 

where  C  is  the  electrical  capacity  of  the  two  neighboring  surfaces  of  area 
S,  and  d  is  the  distance  between  the  electrical  charges  on  opposite  planes. 

Now  if  it  should  be  revealed  that  the  distance  between  the  opposite 
electrical  chaises  is  the  same  as  the  distance  between  the  mechanical 
surfaces,  then  obviously  it  should  be  concluded  that  within  the  accuracy 
of  measurement  the  electrical  and  mechanical  surfjices  are  identical.  In 
other  words  the  identity  would  establish  that  an  electron  atmosphere 
does  not  extend  beyond  the  mechanical  surface.  The  question  as  to 
whether  both  negative  and  positive  atmospheres  exist  need  not  be  con- 
sidered at  this  time. 

The  capacity  of  two  parallel  plates  can  be  measured  readily  to  a  satis- 
factory degree  of  predion  by  the  method  of  mixtures.  I  used  a  E)olazalek 
electrometer  of  20  E.S.U.  capacity  for  the  comparison  capacity  and  also 
for  measuring  the  necessary  potentials.  The  procedure  was  first  to 
charge  up  one  pair  of  quadrants  to  a  potential  Vi,  represented  by  a 
deflection  of  the  needle,  Di.  The  quantity  of  electricity  on  the  needle 
was  then  allowed  to  distribute  itself  between  the  electrometer  of  capacity 
C„  and  the  parallel  plates  of  capacity  C.  The  resultii^  potential,  Vt, 
gave  a  deflection  Dt.    As  usual  the  capacity  of  the  parallel  surfaces  is, 

(2) 

Substituting  the  value  of  the  capacity  in  equation  {2),  the  distance  be- 
tween the  conducting  surfaces  is  obtained  in  the  form 

d  =  S-DtlATC.{D,~Dt).  (3) 

Because  of  the  low  capacities  to  be  compared  this  method  requires  a  high 
degree  of  insulation  for  all  the  parts.  I  have  been  very  much  surprised 
to  find  how  easyit  is  to  obtain  almost  perfect  insulation  when  the  neigh- 
boring plates  are  separated  by  only  a  few  wave-lengths  of  light.     The 
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only  precaution  thus  far  found  necessary  is  that  the  insulating  material 
should  be  free  from  moisture  and  impurities.  In  general  if  materia 
once  dried  is  kept  a  few  degrees  above  the  atmospheric  temperature, 
trouble  due  to  moisture  will  be  avoided.  For  very  thin  insulating  ma- 
terial hours  of  heating  may  be  required,  so  that  it  may  insulate  properly 
the  conductors  which  tt  separates. 

In  these  experiments  I  measured  the  distances  between  planes  when 
the  resistance  was  of  the  order  of  lo"  ohms,  whereas  Wood  measured 
the  distances  when  the  conductivity  could  be  measured  by  a  galvanometer 
find  a  mil li -ammeter.  Naturally  then  I  should  have  expected  to  work 
with  planes  separated  farther  than  20  or  30  wave-lengths,  but  I  found  in 
fact  almost  complete  insulation  at  one  or  two  wave-lengths,  when  the 
precautions  mentioned  were  taken. 

In  1908*  I  obtained  insulating  films  which  were  only  about  io~*  cm. 
thick.  This  is  nearly  a  hundred  times  less  than  certain  minimum 
insulating  distances  obtained  by  Wood.  One  of  Wood's  experiments 
indicated  that  a  coating  of  oil  did  not  interfere  with  the  conductivity. 
So  I  tried  first  a  film  of  turpentine.  I  evaporated  a  film  of  turpentine  at 
high  vacuum  and  allowed  it  to  condense  on  a  highly  polished  brass 
surface.  After  condensation  I  was  able  to  bring  up  in  vacuum  a  globule 
of  mercury  from  below.  The  globule  of  mercury  when  earthed  and 
brought  up  to  the  film  altered  the  capacity  of  the  electrometer  system  by 
the  amount  of  the  condenser  formed.  I  was  able  to  obtain  by  this  method 
insulating  distances  of  about  6  X  lo"^  cm.  As  I  was  unable  to  measure 
the  film  thickness  by  a  check  method,  it  was  not  safe  to  conclude  that 
the  electron  atmosphere  did'  not  extend  into  the  turpentine. 

The  first  experiments  were  made  with  conducting  planes  of  hardened 
steel.  They  were  made  and  polished  by  our  instrument  maker,  Mr.  M. 
H.  Teeuwen,  but  the  surfsices  were  not  tested  at  the  time  optically  for 
planeness,  and  the  microscope  showed  them  not  to  be  free  from  scratches. 
However  at  the  conclusion  of  all  my  experiments  they  were  tested  and 
found  to  vary  from  a  plane  by  less  than  two  wave-lengths.  The  area 
was  about  1.8  sq.  cm. 

The  two  planes  were  separated  by  sulphur  particles  collected  from  an 
air  suspension.  Somewhat  more  than  a  thousand  particles  covered  the 
surface  of  one  of  the  plates,  of  which  about  20  were  larger  than  0.007  cm- 
as  seen  by  the  microscope.  When  one  of  the  plates  was  laid  on  the  other 
there  was  complete  insulation,  i.  e.,  when  the  condenser  was  chained 
the  potential  did  not  vary  noticeably  in  five  minutes.  The  observations 
are  shown  in  the  following  table. 

<  Phil.  Mag.  (6),  18,  p.  640. 


Digitized  by  Google 


n2^^']  existence  of  blbctron  atuospberes.  317 

These  results  indicate  that  the  electrical  method  gives  a  ehorter 
distance  than  the  diameter  of  the  sulphur  particles,  but  it  was  not  certain 


Af^troximate  potential  acrow 

■ulphur  particles,  volta 

Zero  reading  of  electrometer, 

A 

Reading  of  electrometer  when 

charged, Di 

Reading  of  electrometer  when 

charges  are  mixed,  Dt . 

Capacity,  E.S.U. 

Mean  distance 


313,  329,  313 

22s,  337,  234 

36 

0.0044  cm. 


286,  289,  286 
225,  223,  226 


205,  201,  201 
192.  193,  192 


if  the  few  largest  sulphur  particles  might  not  crush  or  give  or  roll  into  the 
scratches  under  the  pressure  of  the  upper  plate.  Further  it  was  not  clear 
what  action  so  many  small  particles  would  have  on  the  dielectric  constant 
of  the  intervening  space. 

Because  the  sulphur  particles  were  not  uniform  in  size  and  possibly 
not  rigid,  and  because  of  the  difficulty  of  getting  rid  of  the  moisture,  I 
decided  to  try  quartz  fibers.  A  small  fiber  was  broken  into  two  parts 
and  placed  between  the  two  surfaces.  It  was  on  a  day  in  early  May  when 
the  humidity  was  low,  and  the  fibers  were  not  previously  heated,  except 
in  the  oxygen  flame  when  blown.  Nevertheless  the  insulation  was 
regarded  as  perfect.  The  following  are  the  observations  with  these 
quartz  threads  separating. 


Approximate    potential    between    plates, 
volts 


Dt 

Capacity 

Corrected  capacity. . 
Mean  distance 


320,  319,  317 
209,  208,  208 


Now  the  size  of  the  quartz  fibers  separating  the  planes  as  determined 
by  the  microtfleter  eyepiece  on  the  microscope  was 

.00165  *  -000086  cm. 

This  difference  by  the  two  methods  between  the  distances  then  varies  by 
only  about  two  wave-lengths.  I  found  later  in  reading  the  size  of  fine 
fibers  by  the  microscope,  that  it  was  much  efisier  to  err  by  obtaining 
values  too  large  than  too  small.    This  experiment  then  leads  to  the  con- 
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elusion  that  if  there  be  a  conducting  atmosphere,  it  must  not  extend 
out  more  than  two  wave-lengths. 

Obviously  the  conclusion  just  arrived  at  is  inconsistent  with  Professor 
Wood's  suggested  interpretation  of  his  experiment,  in  which  he  obtained 
a  current  of  several  milli-amperes  when  parallel  planes  were  only  five 
wave-lengths  apart.  I  therefore  thought  it  advisable  to  repeat  the 
experiment  using  smaller  quartz  fibers,  this  time  three  in  number.  The 
sizes  were : 

FiTit 000J2  cm. 

Second 0O0S3 

Third .00059 

And  the  mean  probable  distance  of  separation  was  therefore  .00056  cm. 
The  electrical  method  by  the  mean  of  five  observations,  with  0.3  volt 
across  condenser,  gave  a  separating  distance  of  .00054  cm. 

There  are  two  conclusions  that  should  be  drawn  from  this  experiment. 
First,  there  was  almost  perfect  insulation  when  the  two  planes  were 
separatedby  only  ten  wave-lengths,  and,  second,  conducting  atmospheres 
could  not  have  extended  as  much  as  two  wave-lengths  outside  the 
mechanical  surface, 

A  further  attempt  to  repeat  the  above  experiments  with  yet  finer 
quartz  fibers  met  with  failure  owing  to  unsatisfactory  insulation.  I  did 
not  try  heating  the  quartz  fibers  at  this  time  because  I  feared  that  the 
steel  surfaces  might  vary  by  ten  wave-lengths.  I  observed  that  it  was 
impossible  by  the  electrical  method  to  obtain  insulatioji  at  distances  less 
than  those  measured  by  the  microscope.  Unless  some  unknown  factor 
is  involved,  this  observation  obviously  leads  to  a  third  conclusion,  which 
is  that  conduction  at  short  distances  arises  from  conducting  material  and 
not  from  an  electron  atmosphere  of  unvaryii^  depth. 

The  question  as  to  the  imperfect  insulation  at  less  than  9  wave-lengths 
was  still  unanswered.  Possibly  the  insulating  properties  of  certain 
dielectrics  break  down  when  a  certain  minimum  thinness  is  reached.  It 
was  thought  that  a  constant  minimum  thinness  for  any  given  material 
would  strengthen  this  view.  Or  perhaps  as  Wood  suggested  films  of 
moisture  about  small  particles  might  readily  explain  the  imperfect 
insulation  if  not  also  the  high  conduction.  We  shall  recur  to  this  point 
in  a  succeeding  [laragraph.  But  the  most  opportune  explanation,  whose 
plausibility  should  be  considered,  was  the  possible  irregularity  of  the 
steel  surfaces. 

The  question  of  the  planeness  was  answered  in  two  ways.  First,  a 
glass  plate  with  plane  sides  was  moved  over  the  surface  of  the  plates 
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and  the  character  of  the  interference  fringes  noted.  By  this  test  the 
extreme  variation  of  the  surface  was  not  as  much  as  two  wave-lengths. 

Second,  two  optical  flats  on  speculum  metal  were  obtained,  whose 
surfaces  by  optical  test  did  not  vary  from  a  plane  as  much  as  one  wave- 
length. With  these  my  surprise  was  certainly  great  when  I  found  im- 
perfect insulation  when  the  surfaces  were  separated  by  quartz  fibers  of 
24  wave-lengths  diameter.  As  my  supply  of  quartz  fibers,  and  also  of 
oxygen  was  exhausted,  I  now  turned  to  the  use  of  mica  flakes  for  insula- 
tion material.  At  first  when  a  continuous  sheet  of  mica  of  25  wave- 
lengths separated  the  flats  the  insulation  was  imperfect.  If  charged  to 
a  potential  of  4  volts,  three  fourths  of  the  charge  would  leak  off  in  10 
seconds,  but  by  thoroughly  heating  the  plates  and  the  mica  over  an 
electric  oven  the  insulation  became  quite  perfect.  This  was  more  than 
a  month  after  my  experiments  with  the  iron  surfaces,  and  I  now  found  it 
quite  impossible  to  obtain  good  insulation  without  heating  the  plates 
and  the  insulator.  Presumably  the  excess  of  humidity  was  the  cause 
of  the  trouble. 

In  one  instance  the  speculum  surfaces  were  separated  by  three  mica 
flakes  of  a  total  area  of  about  5  mm.'.  By  the  microscope  one  was  about 
14  wave-lengths,  the  second  12,  in  thickness.  The  third  was  not  meas- 
ured. When  the  electrometer  was  charged  to  -|-  5  volts  and  mixed  with 
the  speculum  condenser  the  capacity  was  310  cm.,  and  when  it  was 
charged  to  ~  5  volts  the  capacity  was  315  cm.  The  total  pressure  on 
the  upper  plate  was  about  50  gm.  From  this  capacity  was  subtracted 
59  units  as  a  correction  for  the  added  capacity  due  to  the  mica  flakes  and 
to  the  plate  aside  from  its  condenser  action.  The  area  of  the  plates 
was  1.84  cm,'.  The  distance  between  the  surfaces  was  therefore  calcu- 
lated to  be  .00060  cm.  It  seems  safe  to  conclude  from  this  experiment 
that  the  difference  between  the  electrical  and  optical  methods  is  not  more 
than  three  wave-lengths. 

It  was  observed  that  if  the  pressure  on  the  plates  was  increased  to  loo 
gm.  the  insulation  became  very  poor.  Sometimes  the  insulation  would 
be  restored  by  removal  of  the  pressure  and  sometimes  not.  However 
increased  pressure  did  not  always  alter  or  destroy  the  insulation. 

Again  three  very  thin  mica  flakes  were  selected.  By  direct  reflection 
they  all  appeared  a  brilliant  green,  but  when  viewed  by  the  light  that 
struck  at  a  very  large  angle  of  incidence  some  of  them  appeared  orange 
colored.  With  these  flakes  between  the  fiats  the  speculum  plates  slid 
over  each  other  freely  as  if  nothing  was  between,  and  likewise  they  resisted 
puUiag  apart.  The  electrical  resistance  between  the  plates  was  very  low, 
although  I  did  not  measure  it.    Continued  heating  with  the  two  plates 
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together  did  not  restore  the  insulation,  although  the  mica  had  been 
heated  for  hours  before  the  flakes  were  separated  off  the  sheet  mica. 

Then  the  plates  were  separated  and  heated  for  two  hours  over  an 
electric  oven.  The  temperature  of  the  plates  was  kept  at  about  215°. 
The  mica  flakes  stuck  tight  to  the  plates  during  this  procedure,  although 
some  of  them  did  break  in  pieces.  By  this  the  insulation  was  made 
almost  satisfactory,  as  may  be  seen  from  the  following  observations.  It 
was  necessary  to  determine  the  deflection  from  the  first  few  swings  of  the 
needle.    The  period  of  the  electrometer  needle  was  about  10  sec. 
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Since  heating  the  mica  and  plates  to  215'  had  made  the  insulation  so 
nearly  satisfactory,  it  seemed  wise  to  repeat  this  treatment.  The  plates 
were  kept  covered  with  Japanese  silk  tissue  to  prevent  dust  particles  from 
settling  on  them.  After  six  hours  the  plates  were  removed  while  hot 
and  tested  at  once.  The  insulation  was  not  perfect  but  it  was  improved 
and  at  the  same  time  the  capacity  was  larger.  At  the  beginning  of  the 
test  the  natural  leak  was  such  that  the  electrometer  needle  went  from  3 
div.  to  I  div.  in  50  sec.  At  the  end  of  the  observations  the  natural  leak 
was  from  2.7  to  i  in  20  seconds,  from  1.0  to  .5  in  30  sec,  showing  that  the 
insuladon  deteriorated  with  time,  possibly  owing  to  the  formation  of  a 
film  of  moisture  as  the  plates  cooled.  The  natural  leak  was  corrected 
for  in  calculating  the  distance.  The  observations  shown  in  table  on 
page  321  were  obtained  before  the  insulation  deteriorated  seriously. 
I  was  not  able  by  the  microscopic  method  to  determine  the  thickness  of 
the  mica  flakes,  further  than  to  limit  their  probable  size  to  less  thsin  five 
wave-lengths.  This  much  also  was  determined  by  a  micrometer  screw 
gauge.  Then  interference  fringes  were  formed  by  bringing  two  optical 
flats  on  glass  into  contact  along  one  edge  and  allowing  the  opposite  edges 
to  be  separated  by  the  mica  flake.  The  number  of  fringes  between  the 
point  of  contact  and  the  mica  obviously  gives  twice  the  thickness  of  the 
mica  in  wave-lengths.  The  great  difficulty  in  this  measurement  was  that 
sometimes  considerable  pressure  had  to  be  applied  in  order  to  brii^  the 
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plates  into  contact  at  one  edge,  much  greater  than  was  applied  to  the 
speculum  metal  plates.  There  was  considerable  irregularity  in  the  pres- 
sure required  to  cause  contact,  and  it  may  have  been  that,  after  heating, 
the  speculum  metal  plates  were  separated  only  by  the  thickness  of  the 
mica.  At  any  rate  one  of  the  mica  flakes  measured  in  this  way  had  a 
thickness  of  two  and  a  half  wave-lengths,  another  one  of  two,  and  a 
third  one  of  only  one  wave-length. 

I  observed  after  the  second  heating  that  the  mica  flakes  on  speculum 
surfaces  showed  the  same  deep  green  color  that  they  exhibited  when 
free.  This  rather  indicates  close  contact  between  the  mica  and  the 
speculum.  Also  the  fact  that  long-continued  heating  permitted  the 
electrical  charges  to  come  closer  together,  when  separated  by  mica, 
indicates  that  heating  either  drives  off  something  that  conducts  and 
separates,  or  alters  the  structure  of  the  surfaces.  If  the  mica  flakes  were 
in  contact  with  the  speculum,  then  there  can  be  no  conducting  atmosphere 
of  more  than  two  wave-lengths  of  light,  for  this  I  regard  as  about  the 
safe  limit  of  accuracy  of  my  experiments,  but  if  on  the  other  hand  there 
exists  a  conducting  atmosphere  which  is  at  the  same  time  a  mechanically 
separating  medium,  then  it  would  not  be  safe  to  set  such  a  low  limit  on 
the  thickness  of  a  possible  electron  atmosphere.  The  question  will  not  be 
deflnitely  settled  until  the  distances  are  measured  simultaneously  by  the 
two  methods.  We  propose  to  do  this  by  using  very  thin  films  of  platinum 
deposited  on  plane  glass  surfaces.  It  is  hoped  thereby  to  Anally  decide 
to  a  fraction  of  a  wave-length  whether  or  not  an  electron  atmosphere 
exists,  and  also  to  obtain  information  on  the  rdle  played  by  insulating 
materiekls  of  small  dimensions. 

In  as  much  as  heating  certain  insulators  such  as  mica  and  quartz 
restored  their  insulating  properties,  it  is  certain  that  the  conduction 
obtained  by  Wood  at  such  long  distances  was  due  to  the  presence  of 
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the  insulating  material,  and  it  is  presumed  that  films  of  moisture  and 
conducting  particles  were  responable  for  it. 

In  conclusion  it  may  be  said  that  while  the  electrical  method  was 
satisfactory  as  here  used,  it  can  be  more  accurately  adapted  to  the 
problem  in  hand  by  more  suitably  choosing  the  suspension  for  the  elec- 
trometer needle  and  by  using  a  larger  capacity  in  parallel  with  the 
electrometer. 

Thb  Statb  University  or  low*. 
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ON  ELECTROMAGNETIC   INDUCTION. 
By  S.  J.  BABNm. 

I.  In  a  recent  article'  on  electromagnetic  induction  and  relative 
motion  published  in  this  journal,  and  in  a  preliminary  paper*  published 
in  the  Physikalische  Zeitschrift,  I  referred  incidentaflly  and  briefly,  and 
of  necessity  adversely,  to  some  work  on  unipolar  induction*  by  Mr.  E.  H. 
Kennard,  who  has  now  published  three  articles*  in  reply,  the  last  in  the 
May  number  of  this  journal.  Although,  in  my  opinion,  Mr.  Kennard's 
fallacies  are  quite  apparent  to  anyone  familiar  with  this  part  of  elec- 
trical theory,  it  seemed  advisable  to  make  a  reply*  to  the  first  of  these 
articles  on  its  appearance;   and  a  final  reply  is  now  necessary. 

3.  In  each  of  the  three  articles  Mr.  Kennard  either  states  or  implies 
that  my  chief  criticism  of  his  work  is  on  account  of  his  treatment  of 
the  dielectric  on  the  moving  line  hypothesis.  My  chief  criticism  of  Mr, 
Kennard's  work  has  always  been  that  even  if  his  moving  line  theory  were 
absolutely  correct  when  applied  to  the  ordinary  case  of  unipolar  induc- 
tion in  which  the  complete  field-producing  agent  rotates,  his  sweeping 
conclusion  from  his  experiments  would  be  entirely  without  justification. 
For  in  his  experiments  the  iron  core  of  the  electromagnet  rotated  alone 
while  the  magnetizing  coil  remained  fixed  like  the  condenser;  yet  his 
calculation  of  the  effect  to  be  expected  on  the  moving  line  hypothesis 
assumes  that  on  this  hypothesis  all  the  lines  in  his  experiments  would 
move  with  the  iron.  But  it  ts  quite  impossible  to  say  what  fraction  of 
the  lines,  on  this  hypothesis,  would  adhere  to  the  iron  and  move,  and 
what  fraction  would  adhere  to  the  coil  and  remain  at  rest.  For  the 
same  reason,  viz.,  that  a  part  of  the  field-producing  system  was  at  rest, 
instead  of  all  being  in  motion,  the  experiments  are  without  value  in 
connection  with  the  matter  of  relativity. 

3.  In  treating  the  problem  of  unipolar  induction  in  a  fixed  dielectric 
I 

'  Pbysical  Rbview.  35.  rgia,  p.  333. 

•  Phy».  Z«ll.t  13.  1913.  P-  803. 

■PUl.  Mag..  13.  1913,  p.  g37. 

*PhyB.  Zeit.,  13,  1913,  p.  II5S.  tuid  14,  1913.  p.  aso;  Pavsicu.  Review  (3),  i.  1913. 
P-  35S- 

■  Phys.  Zeit..  14,  1913,  p.  251. 
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Poincari,  >  Abraham,  and  myself  have  each  assumed  that  throughout 
the  field  (points  within  the  rotating  magnet  not  bang  included)  the 
electric  density  is  proportional  to  the  divergence  of  the  total  electric 
intensity.  Mr.  Kennard  says  that  this  was  the  assumption  made  by 
Hertz,'  but  that  it  is  not  always  allowable  on  the  theory  of  Lorentz. 
These  statements  are  both  true.  But  it  is  also  true  and  well  known  that 
in  fields  such  as  that  under  discussion,  in  which  the  intensities  are  steady 
and  the  ether  and  matter  at  rest,  Lorenlz's  theory  and  Hertz's  theory 
and  Maxwell's  theory  are  completely  identical  so  far  as  the  total  intensity, 
displacement,  and  density  are  concerned;  and  that  in  this  case  the 
assumption  referred  to  is  not  only  allowable  but  necessary.  Mr.  Ken- 
nard says  that  this  assumption  "  may  easily  be  shown  to  be  tn<x>mpatible 
with  the  moving  line  theory,"  and  attempts  to  prove  hia  assertion  as 
follows:   He  writes  the  equation 

div  /  =  div  (E  +  e)  (l) 

in  which  E,  e,  and  /  are  the  field,  motional,  and  total  intensities,  and 
applies  the  equation  to  a  point  in  a  dielectric  of  free  ether  at  which  the 
electric  density,  and  therefore  div  /,  according  to  Poincar^,  Abraham, 
and  myself,  are  zero.    This  gives 

div  fl  =  -  div  E.  (2) 

Mr.  Kennard  then  assumes,  without  justification,  that  div  £  =*  o.  Then 
he  calculates  div  e  and  finds  that  it  does  not  vanish — a  particular  case  of 
a  well-known  relation  to  which  he  has  repeatedly  called  attention. 
Hence  he  concludes  that  (i)  and  (2)  cannot  be  correct,  and  therefore 
that  I  and  the  others  are  wrong.  The  trouble,  however,  is  only  with  the 
false  assumption  div  £  —  o. 

4.  To  come  to  the  next  point,  which  I  did  not  realize  that  my  treat- 
ment could  have  left  in  obscurity,  7  have  certainly  assumed  that  moving 
lines  of  induction  act  on  the  ether  precisely  as  on  a  material  dielectric.* 

'  Poincari  usIeiu  to  the  dlelecCrics,  magnet,  and  other  conductors  velocities  which  may 
VMiish  in  particular  cases.  His  treatment  oi  the  subject  on  Lorenti's  theory  is  not  correct 
(or  the  case  In  which  the  velocities  of  the  dielectrics  differ  from  >e^o;  and  bis  conclusion  that 
so  far  as  experiment  can  show  "  the  theory  of  Lorentz  leads  to  the  same  results  as  that  of 
Hertz  "  in  the  general  case  Is  erroneous.  When  the  dielectrics  move  the  two  theories  give 
quite  different  reaulta;but  on  each  theory  the  result  is  independent  of  the  hypothesis  adopted 
with  reference  to  the  seat  of  the  electromotive  force. 

'Mr.  Kenoard's  statement  that  Hertz  "rejected  the  motiohal  intensity"  cannot  be 
accepted. 

>  This  I*  also  en  implicit  assumption  in  the  work  of  Poincarf  and  Abraham.  For  in  tbe 
case  under  discussion  the  total  intensity  /  differs  from  the  field  intensity  E  (whenever  there  is 
a  difference)  only  by  the  motional  Intensity  t.  As  another  discussion  of  unipolar  induction 
manifestly  based  on  the  same  assumption  should  be  mentioned  that  of  S.  Valentiner  (Phya. 
Zeit.,  6,  ipos.  p.  10),  which,  as  far  as  It  goes,  is  essentially  Identical  with  my  own. 
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Mr.  Kennard  says  that  this  is  not  consistent  with  current  electrical 
theory  as  he  knows  it.  It  is  nevertheless  old  and  sound  doctrine,  uni- 
versally accepted  Muce  the  days  of  Maxwell.'  It  is  involved  in  the  funda- 
mental relation  between  the  electromotive  force  around  a  closed  circuit 
in  the  ether  at  rest  and  the  rate  of  change  of  magnetic  flux  through  the 
circuit — a  chaise  produced,  according  to  Maxwell,  by  the  motion  of  the 
lines  of  induction  across  the  circuit,  since  the  lines  of  induction  are  closed 
curves — coupled  with  the  relation  between  intensity  and  displacement. 
Amoi^  many  obvious  examples,  one  whose  mere  mention  should  be 
suflicient  is  the  case  in  which  the  energy  of  a  magnet  set  into  motion  is 
transformed  into  electromagnetic  energy  and  transferred  to  an  adjacent 
electric  circuit  in  accordance  with  Poynting's  theorem.  As  to  Mr. 
Kennard's  ideas  on  the  diametrical  opposition  of  ether  to  matter,  etc., 
no  remarks  seem  necessary. 

5.  The  calculation  of  the  charge  on  the  condenser  in  my  experiments 
to  be  expected  on  the  moving  line  hypothesis  when  the  field-produdng 
agent  rotates  and  the  condenser  remains  fixed  (Case  II.)  Mr.  Kennard 
proceeds  to  make  by  assuming  that  the  charge  would  be  the  same  as 
when  the  condenser  rotates  and  the  Eeld-producing  ^ent  remains  at 
rest  (Case  I.).  His  reason  for  this  appears  to  be  the  false  assumption 
that  the  moving  lines  would  have  no  effect  on  the  ether.  Had  Mr. 
Kennard  taken  proper  account  of  the  ether,  he  would  have  obtained  the 
charge  zero,  exactly  as  if  the  lines  had  been  assumed  to  remain  fixed. 
Because  his  calculation  gave  a  charge  independent  of  the  magnitude  of 
the  dielectric  constant,  he  stated  in  a  previous  paper,  referring  to  my 
criticism  that  be  had  not  taken  proper  account  of  the  dielectric,  that  the 
trouble  could  not  be  with  his  treatment  of  the  dielectric.  But  the 
neglected  ether  is  an  important  part  of  the  dielectric. 

6.  In  his  concluding  paragraph  Mr.  Kennard  says  that  he  has  elsewhere 
called  attention  to  the  fact  that  my  conclusion  as  to  relative  motion  rests 
in  part  on  an  inference. 

Now  it  follows  immediately  and  necessarily  from  the  experiments  of 
Faraday,  Lorentz,  Rayleigh  and  others  on  the  motion  of  conductors  in 
magnetic  fields,  together  with  the  experiments  of  Blondlot,  H.  A.  Wilson, 
and  myself  on  the  motion  of  insulators  in  magnetic  fields,  that  if  the  con- 
denser, whatever  the  magnitude  of  the  constant  of  its  dielectric,  rotates 
while  the  agent  producing  the  magnetic  field  remains  fixed  (Case  I.), 
the  condenser  receives  a  charge  equal  to  the  product  of  the  capacity 
as  it  would  be  with  ether  alone  as  dielectric  by  the  rate  at  which  the 

>  See.  for  example,  HeavlHlde'i  Electromagnetic  Theory,  I..  \  48;  Lodge's  Modern  Views  of 
Electricity,  p.  viii  and  f 1 114,  its;  and  S.  ValenUner,  loc,  cU. 
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sfaort-drcuiting  wire  cuts  across  magnetic  flux;  and  that  if  the  material 
part  of  the  dielectric  is  air,  as  in  my  own  recent  experiments,  it  is  of  no 
consequence  whether  the  air  moves  with  the  conductors  or  not. 

In  the  first  of  my  original  papers  I  referred  only  to  the  fact  of  the  con- 
denser's becoming  charged;  and  in  the  second  I  referred,  in  addition, 
only  to  the  "experiments  of  Faraday  and  others "  as  establishing  the  fact. 
Probably  I  should  have  gone  into  greater  detail.  This  I  have  done  in  the 
Physikalische  Zeitschrift,  14,  1913,  p.  251 ;  and  in  Science,  January  17 
and  February  21,  1913. 

The  brief  statement  of  fact,  without  reference  to  authority,  in  my  first 
paper  drew  from  Mr.  Kennard  the  criticism  to  which  he  refers.  He  said 
that  I  had  failed  to  give  experimental  proof  of  my  statement.  References 
to  the  experimental  work  having  been  given  later,  however,  Mr.  Kennard 
now  objects  to  the  experiments  of  Blondlot,  Wilson,  and  myself  on  insula- 
tors on  account  of  sliding  contacts,  stationary  connecting  wires,  absence 
of  a  conducting  screen,  etc.  These  objections  are  entirely  inconsequential 
and  irrelevant  and  I  shall  not  consider  them  further.  No  one  will  object 
to  the  repetition  of  any  or  all  of  these  experiments,  either  modified  or 
unmodified,  by  anyone  who  is  sufficiently  interested  in  them;  but  it  is 
quite  certain  what  the  results  will  be. 

7.  In  conclusion  it  seems  desirable  to  consider  briefly  what  happens 
on  the  theories  of  Hertz,  Einstein,  and  Lorentz  in  each  of  the  two  principal 
experiments  involved  in  the  discussion  of  relative  motion.  As  above,  the 
case  in  which  the  condenser  rotates  will  be  referred  to  as  Case  I.;  that  in 
which  the  condenser  remains  at  rest,  as  Case  11. 

On  the  theory  of  Hertz,  the  condenser  is  uncharged  in  Case  I.  and  also 
in  Case  II. 

On  the  theory  of  Einstein,  the  condenser  is  chained  as  indicated  in  5  6 
in  Case  I.,  and  charged  in  the  same  way  in  Case  11. 

On  the  theory  of  Lorentz,  the  condenser  is  chatted  as  indicated  in  §  6 
in  Case  I.,  and  is  uncharged  in  Case  II. 

Lorentz's  theory  is  thus  the  only  one  which  is  conustent  with  both  sets 
of  experiments. 

Tbb  Ohio  Statc  UxivBRsnY, 
June  7. 1913. 
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THE  PHOTOELECTRIC  PROPERTIES  AND  CONTACT 
RESISTANCES  OF  THIN  CATHODE  FILMS.    II.» 

Bt  Otto  Stuhuunn,  Jb.,  and  Kasl  T.  Compton. 

A  second  point  of  interest  about  Fig.  3  is  that  the  curves  are  approxi- 
mately logarithmic.  It  is  known  that  the  absorption  of  light  also 
increases  logarithmically  as  the  thickness  of  the  film  increases.  '  This 
would  support  the  view  that  the  number  of  emitted  electrons  is  at  least 
approximately  proportional  to  the  amount  of  light  absorbed  in  the  film. 

Finally,  attention  should  be  called  to  the  "humps"  observed  in  two 
of  the  curves  at  A  and  B.  Here  the  current  increases  rapidly,  then 
decreases  and  again  increases  more  slowly.  This  same  phenomenon  was 
consistently  observed  by  Robinson.'  For  some  reason  this  phenomenon 
was  not  present  in  curves  5  and  8.  Apparently  the  normal  course  of 
the  curve  in  this  region  would  be  that  indicated  by  the  dotted  lines.  The 
first  departure  below  these  dotted  lines  has  been  shown  to  be  due  to 
faulty  contact.  Several  explanations  of  these  maxima  in  the  curves 
have  been  considered  but  we  have  not  sufficient  data  to  support  any  of 
them.  We  simply,  therefore,  call  attention  to  this  peculiarity  without 
attempting  to  explain  it. 

SmutASY. 

The  most  important  results  of  this  investigation  are; 

1.  Thin  platinum  cathode  films  emit  photo-electrons  with  maximum 
velocities  at  least  approximately  the  same  as  those  emitted  by  ordinary 
platinum.  The  intrinsic  potential  of  these  films  is  also  the  same,  or  very 
nearly  the  same,  as  that  of  ordinary  platinum.  If  variations  in  these 
quantities  occur,  dae  to  the  as  yet  unknown  properties  of  very  thin  films, 
they  are  certainly  small. 

2.  The  high  photoelectric  potentials  which  we  observed,  and  doubtless 
those  observed  under  similar  conditions  by  other  investigators,  were  due 
to  the  presence  of  soft  wax  or  grease  inside  the  sputtering  apparatus. 
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3.  The  saturation  currents  from  thin  sputtered  films  appear  to  be 
lai^er  than  those  obtained  from  ordinary  platinum.  They  increase 
approximately  logarithmically  with  the  thickness  of  the  film  and  are 
therefore  proportional  to  the  amount  of  light  absorbed  by  the  film. 

4.  The  method  of  making  contact  with  the  films  has  a  great  influence 
on  the  observed  electrical  properties  of  very  thin  films. 

In  conclusion  we  wish  to  thank  the  departments  of  physics  of  Princeton 
University  and  the  UniverMty  of  Pennsylvania  for  the  generosity  with 
which  they  placed  the  facilities  of  their  laboratories  at  our  disposal.  We 
especially  wish  to  thank  Professor  O.  W,  Richardson  for  his  suggestions 
and  continued  interest  in  our  work. 

O.  S.  K.  T.  C. 

Ramdal  Morgan  Labokatoby  of  Pbtsics.        Falmkk  Physical  Laboxatokt, 

UtnvBRSiTY  or  Fsnnsylvamu.  Pkikcbton  UNivRsrrr. 


Digitized  by  Google 


Second  Series.  November,  1913  Vol.  II.,  No.  $ 


PHYSICAL  REVIEW. 


THE  VAPOR  PRESSURE  OF  METALLIC  TUNGSTEN.' 

By  Irvinc  Langmuir. 

THE  vapor  pressure  of  metals  has  been  the  subject  of  many  investi- 
gations in  recent  years. 

Greenwood*  has  directly  determined  the  boiling  points  of  several 
metals  at  three  or  four  different  pressures.  The  method  adopted  was  to 
heat  the  metal  in  a  carbon  or  magnesia  crucible  in  an  electric  furnace  and 
to  observe  the  temperature  at  which  drops  of  metal  were  first  thrown 
up  from  the  molten  surface.  The  metals  studied  were  copper,  tin, 
silver,  lead,  bismuth,  antimony,  magnesium,  iron,  chromium,  man- 
ganese, and  aluminum.  The  boiling  points  at  atmoepheric  pressure 
ranged  from  1 120°  C.  for  m^^^nesium  to  2450°  for  iron. 

Recently  von  Wartenburg*  has  determined  quantitatively  the  vapor 
pressures  of  lead,  silver,  and  thallium  by  the  dynamical  method,  that  is, 
by  passing  an  inert  gas  very  slowly  over  the  heated  metal  and  measuring 
the  concentration  of  the  metal  vapor  in  the  gas. 

The  volatility  of  many  metals  has  been  qualitatively  observed,  but 
except  in  the  case  of  the  metals  given  above  and  such  easily  volatile  metals 
as  mercury,  zinc,  and  the  alkali  and  alkaline  earth  metals  there  are  no 
quantitative  determinations  of  the  vapor  pressures  or  boiling  poinbs  known 
to  the  writer. 

The  volatility  of  the  materials  used  for  filaments  of  incandescent  lamps 
is  the  princi[>al  factor  determining  the  useful  life  of  such  lamps. 

Experiments  were  therefore  undertaken  to  determine  the  rate  of 
evaporation  of  tui^ten  in  vacuum  at  various  temperatures  up  to  the 
melting  point. 

The  kinetic  theory  enables  us  to  calculate  the  vapor  pressure  from  this 

<  A  preliminary  •tawmeot  of  the  retult*  of  this  InvMtigation  baa  appeared  ia  the  Journal 
of  the  Amer.  Cbem.  Soc..  31.  931.  1913. 

■  Chem.  News,  104,  31-33.  4i~4S.  191a. 

■Z.  f.  Electrocbem.,  ic,  483.  1913. 
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rate  of  evaporation,  or  at  least  to  obtain  a  lower  limit  for  the  vapor 
pressure. 

Relation  Between  Vapor  Pressure  and  Rate  of  Evaporation  in  a 
Vacuxjm. 

Let  us  consider  a  surface  of  metal  in  equilibrium  with  its  saturated 
vapor.  According  to  the  kinetic  theory  we  look  upon  the  equilibrium 
as  a  balance  between  the  rate  of  evaporation  and  the  rate  of  condensation. 
That  is,  we  conceive  of  these  two  processes  going  on  simultaneously  at 
equal  rates. 

In  the  case  of  liquids  or  solids  at  temperatures  near  their  boiling  points 
or  even  at  temperatures  so  low  that  their  vapor  [iressures  are  in  the 
neighborhood  of  one  millimeter,  we  are  accustomed  to  consider  that 
there  must  always  be  equilibrium  between  the  vapor  and  the  liquid  or 
solid  at  the  surface  between  the  two.  For  example,  no  matter  how 
rapidly  we  may  boil  water  we  are  probably  justified  in  considering  that 
the  steam  is  saturated  at  the  surface  boundary  between  the  water  and  the 
steam. 

This,  however,  simply  means  that  when  we  boil  water  as  ra[>idly  as 
we  can,  the  net  rate  at  which  steam  is  produced  is  very  small  compared 
to  the  actual  rate  at  which  the  water  is  evaporating  into  steam  and  the 
steam  again  condensing  on  the  water. 

At  much  lower  temperatures,  where  the  vapor  pressure  is  of  the  order 
of  magnitude  of  .001  mm.  the  rate  of  evaporation  of  a  substance  even  in 
a  practically  perfect  vacuum  is  very  small.  This  is  not  due  to  the  coolii^ 
of  the  substance  by  its  own  evaporation,  but  simply  to  the  fact  that  the 
rate  at  which  the  molecules  of  vapor  are  formed  is  limited. 

For  example,  we  cannot  make  mercury  freeze  by  placing  it  in  a  very 
high  vacuum,  although  we  know  it  has  a  perceptible  vapor  pressure 
even  at  its  freezing  point. 

At  temperatures  so  low  that  the  vapor  pressure  of  a  substance  does 
not  exceed  a  millimeter,  we  may  consider  that  the  actual  rate  of  evapora- 
tion of  a  substance  is  independent  of  the  presence  of  vapor  around  It. 
That  is,  the  rate  of  evaporation  in  a  high  vacuum  is  the  same  as  the  rate 
of  evaporation  in  presence  of  saturated  vapor.  Similarly  we  may  con- 
sider that  the  rate  of  condensation  is  determined  only  by  the  pressure  of 
the  vapor. 

Now  the  rate  at  which  the  saturated  vapor  comes  into  contact  with 
the  metal  may  be  readily  calculated  from  the  principles  of  the  kinetic 
theory  when  the  vapor  pressure  is  known.  Certainly  the  rate  of  con- 
densation of  the  vapor  cannot  exceed  the  rate  with  which  it  comes  into 
contact  with  the  solid  or  liquid. 
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This  calculation  is  similar  to  that  of  the  effusion  of  gases  through  small 
openings.! 

Let  us  consider  a  unit  cube  of  the  vapor  one  ude  of  which  is  bounded 
by  the  metal.  We  will  calculate  the  rate  at  which  the  vapor  comes  into 
contact  with  the  metal.  Half  of  the  molecules  in  this  unit  volume  are 
moving  towards  the  metal,  and  the  other  half  are  moving  away  from  it. 
If  we  let  p  be  the  density  of  the  gas,  then  the  mass  of  gas  moving  toward 
the  metal  is  ^4fi- 

Let  Q  be  the  average  (arithmetical)  velocity  of  the  molecules.  It  can 
be  readily  shown  that  the  average  component  of  the  velocity  in  any  given 
direction  is  then  ^(1.  Hence  the  average  velocity  with  which  the  gas 
molecules  in  the  mass  J^  are  approaching  the  metal  is  }^0.  The  mass 
of  gas  (m)  which  strikes  against  the  unit  surface  of  metal  per  second  is 
therefore  Mp  X  K^-  thus 
(I)  m  -  Hpa. 

The  ordinary  gas  law  pV  ■=  RT  may  be  written 

where  p  »  pressure, 

M  =  molecular  weight, 
T  —  absolute  temperature  (*  Kelvin), 
R  —  gas  constant  =  83.2  X  lo'  ergs  per  degree. 
The  average  velocity  {0)  of  the  molecules  is  given  by  the  relation 

(3)  f-fpO*. 
whence  from  (2) 

(4)  "-W.M- 

Substituting  (2)  and  (4)  in  (i)  we  get  for  the  rate  at  which  the  vapor 
comes  into  contact  with  the  metal 


(5)' 


«  =  J: 


ZtRT 


If  we  can  assume  that  every  atom  of  the  vapor  which  strikes  the  metal 
condenses,  then  the  equation  (5)  gives  the  desired  relation  between  the 
vapor  pressure  and  the  rate  of  evaporation  in  vacuo.  If,  however,  a 
certain  proportion  (r)  of  the  atoms  of  the  vapor  is  reflected  from  the 
surface  then  the  vapor  pressure  will  be  greater  than  that  calculated  from 
{5)  in  the  ratio  I :  (l  —  r). 

■  a.  Meyer's  Kinetic  Theory  of  Gas.  German  edition.  1B99,  p.  Sa. 

»This  equation  bat  been  previously  used  by  the  author  In  calculating  the  velocity  of 
reaction  between  oxygen  and  tungsten.     Jour.  Amer.  Chem.  Soc..  jj.  io6. 
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There  are  good  reasons  for  believing  that  the  reflection  of  vapor 
molecules  from  the  surface  takes  place  to  a  negligible  degree  only. 
Knudsen*  has  shown  from  measurements  of  the  heat  conductivity  of 
gases  at  low  pressures  that  the  number  of  molecules  of  a  gas  which  are 
reflected  from  a  smooth  surface  (t.  e.,  do  not  reach  thermal  equilibrium 
with  the  surface)  is  as  much  as  70  per  cent,  in  the  case  of  hydrogen  but 
very  much  less  with  gases  of  higher  molecular  weight.  Knudsen  givea 
the  name  accommodation  coefficient  to  the  quantity  I  —  r .  He  finds 
for  example 


Polished  platinum 
Polished  platinum 
Platinized  platinum 
Platintied  platinum 


0.36 
0.87 
0.71 
0.98 


'Hmiriazeff  *  finds  the  accommodation  coefficient  to  have  significance 
in  determining  the  "slip"  of  gases  in  viscosity  measurements  at  low 


The  accommodation  coefficient  for  a  vapor  with  such  high  molecular 
weight  as  that  of  tungsten  would  probably  be  nearly  unity  for  any  kind 
of  surface.  There  is  every  reason  to  believe,  moreover,  that  the  accom- 
modation coefficient  would  be  particularly  high  in  the  case  of  a  metal 
and  its  own  saturated  vapor.  It  is  extremely  probable  therefore  that 
equation  (5)  gives  a  very  close  approximation  to  the  true  vapor  pressure. 

Knudsen'  has  determined  the  va[>or  pressure  of  mercury  at  temperatures 
from  0°  to  50°  by  a  method  involving  the  use  of  an  equation  similar  to  (5). 
He  used  a  relatively  large  surface  of  mercury,  however,  and  allowed  the 
saturated  vapor  thus  obtained  to  escape  through  a  small  opening  into 
a  space  practically  free  from  mercury  vapor.  From  the  rate  of  escape 
of  the  mercury  he  calculated  the  pressure  of  the  vapor  by  an  equation 
equivalent  to  {5).  This  method  differs  in  principle  from  that  employed 
for  the  present  determination  of  the  vapor  pressure  of  tungsten  only  in 
having  an  opening  through  which  the  vapor  diffuses  instead  of  having 
the  vapor  simply  diffuse  out  through  the  surface  of  the  metal  itself. 
Knudsen's  method  has  the  advant^e  that  his  results  are  practically 
unaffected  by  any  possible  reflection  of  the  vapor  molecules  from  the 
surface,  but  it  has  the  disadvantage  that  is  cannot  be  directly  applied 
to  determining  the  vapor  pressures  of  such  difficultly  volatile  substances 
as  tungsten. 


'Ann.  Phys.,  34,  593,  1911. 
'Anil.  PhyB.,  40,  971,  1913. 
■  Ann.  Phyuk.,  to,  179,  1909. 


Digitized  by  Google 


^^]       tee  vapor  prbssvrb  of  uetallic  tungsten.  333 

Variation  of  the  Rate  of  Evaporation  with  the  Temperature. 
The  relation  between  the  vapor  pressure  of  any  substance  and  the 
temperature  is  given  by  the  Clausius-Clapeyron  formula. 

(6)  X  -  T^(,„  -  r,). 

In  the  case  of  tungsten  the  volume  of  the  metal  is  entirely  negligible 
as  compared  to  the  volume  of  the  vapor,  so  we  may  place  vi,  «"  o.  If 
we  consider  X  to  be  the  latent  heat  of  evaporation  per  mol  of  tungsten 
(184  grams)  then  since  pv  •*  RT  we  have 

(7)  iM^J^, 

This  result  could  have  been  obtained  directly  from  Van't  Hoff's  equation. 
In  general  X  is  a  function  of  the  temperature  such  that 

(8)  ^'C.-C.. 

here  C,  is  the  specific  heat  (per  mol)  of  the  vapor  (at  constant  pressure), 
and  C,  is  the  specific  heat  per  mol  of  the  solid  metal. 

We  may  safely  con«der  tungsten  vapor  to  be  monatomic'  and  hence 
its  ^>ecific  heat  at  constant  pressure  is 

(9)  C,  —  2.98  +  J?  =  4.96  calories  per  gram  atom. 

The  atomic  heat  of  solid  tungsten  is  given  as  6.3  by  Gin  (190S)  and 
as  7.8  by  Corbino.'  The  higher  value  is  rather  improbable,  so  that  the 
best  value  would  seem  to  be  about 

(10)  C,  -  6.8. 

Substituting  (9)  and  (10)  in  (8)  and  integrating  we  have: 
(ii)  X  =  Xo  -  1.87'. 

This  result  substituted  in  (7)  and  integrated  gives,  after  changing  from 
natural  to  common  logarithms: 


where  Aha.  constant  of  integration. 

Taking  the  logarithm  of  equation  (5)  we  obtain 

(13) 

Combining  this  with  (13) : 


>  Langmuir,  Jour.  Am«r.  Chein.  Soc.,  33,  944,  1913. 
'  PhyB.  ZeltBch.,  13.  375,  igij. 
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,      »  .  A,        O.2l8\o  ,        ^ 

(14)  log  m  =  ^' ji 1.4  log  T, 

where 

(15)  A'.A+i  log^. 

Equation  (14)  gives  us  the  rate  of  evaporation  of  tungsten  as  a  function 
of  the  temperature.  There  are  two  empirical  constants  A'  and  Xg  to  be 
determined  from  the  experiments. 

Experiments  on  the  Rate  of  Evaporation  of  Tungsten  in  Vacuum. 

Several  sets  of  experiments  were  made  to  determine  the  rate  of  evapo- 
ration. In  each  case  lamps  were  made  up  with  tungsten  fiiaments, 
and  the  filaments  were  heated  for  various  times  at  various  temperatures. 
The  rate  of  evaporation  was  determined  usually  by  both  of  two  methods, 
namely  by  increase  in  resistance  and  by  decrease  in  weight. 

First  Set. — Five  tungsten  lamps  were  made  up  with  single  loop  fila- 
ments without  supports.  The  length  of  the  wire  used  ranged  from  10.6 
to  11.3  cm.  and  the  diameter  was  .0163  cm.  These  lamps  were  set  up 
on  life  test  at  an  efficiency  of  one  watt  per  maximum  horizontal  candle 
power  and  maintained  at  constant  voltage.  The  initial  candle  power 
varied  from  40  to  41  among  the  various  lamps.  These  lamps  were  taken 
oR  test  after  500  to  1,000  hours,  broken  open,  and  the  filaments  weighed. 

Second  Set. — Five  lamps  similar  to  the  last  with  lengths  of  filament 
from  10.6  to  11.2,  and  of  the  same  diameter  as  before  were  set  up  on 
test  at  0.8  watt  per  maximum  horizontal  candle  [>ower  and  maintained 
at  constant  voltage.  The  initial  candle  powers  ranged  from  58.5  to  60.5. 
These  lamps  were  taken  off  test  after  200  to  300  hours,  and  the  filaments 
were  weighed. 

Third  Set. — Two  lamps  containing  single  loop  filaments  of  wire  .0122 
cm.  diam.  were  made  up.  The  filament  of  the  first  was  11. 1  cm.  long. 
This  lamp  was  bet  up  at  constant  voltage  at  an  original  temperature  of 
2800°  K.  (determined  by  o^tor).  The  readings  taken  at  frequent  in- 
tervals were : 

Table  I. 


Tlmg,  HtoutH. 

Volt.. 

Amixn.. 

CaodU  Powu. 

0 

23.6 

2.94 

164 

14 

23.6 

2.93 



21 

23.6 

2.93 

153 

56 

23.6 

2.89 

124 

72 

23.6 

2.88 

112 

The  second  lamp  had  a  filament  14.3  cm.  long.    This  lamp  was  set 
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Up  by  color  at  3136°  K.  and  kept  at  constant  voltage.    The  character- 
istics were: 

Tablb  II. 


Tlm^  HLbU.. 

Volti. 

Aoip.ru. 

Ondl.  PowT. 

0 

35.5 

3.5S 

504 

1 

35.5 
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2 

35,5 

3.38 

238 

S 

3S.5 

3.30 

IW 

Fourth  Set. — This  set  was  made  up  at  a  later  date  than  the  previous 
ones,  and  the  measurements  were  conducted  with  much  greater  c£kre. 
Five  lamps  were  made  up  from  wire  .00709  cm.  diameter,  each  with  a 
length  of  about  77  cm.  mounted  in  six  loops.  These  lamps  were  pho- 
tometered  and  set  up  with  the  filaments  at  temperatures  ranging  from 
2738  to  2925°  K. 

The  voltage  was  adjusted  at  frequent  intervals  so  as  to  keep  the 
product  V^A  constant.  (V  =  volts,  A  =  amperes.)  In  this  way, 
notwithstanding  a  considerable  change  in  the  diameter  of  the  filament, 
the  temperature  is  maintained  constant.  This  is  readily  seen  from  the 
following  reasoning.  The  energy  radiated  is  proportional  to  the  diameter 
whence  the  function  VA/d  (watts  divided  by  the  diameter)  is  a  function 
of  the  temperature  but  not  of  the  diameter.  Similarly  if  the  material 
of  the  wire  is  unaltered,  the  resistance  is  inversely  proportional  to  the 
square  of  the  diameter,  hence  V<P/A  is  a  function  of  the  temperature 
but  not  of  the  diameter.    Therefore 


V^A* 


va» 


-  V^A 


is  a  function  of  the  temperature  but  not  of  the  diameter.  Hence  if 
V^  is  maintained  constant  the  temperature  must  remain  constant 
even  when  the  diameter  changes. 

The  weight  of  the  wire  before  sealing  into  the  lamps  was  found  to  be 
0.764  mg.  per  cm.  of  length. 

The  lamps  were  run  as  follows: 


Table  111. 

T.n.p. 

Initial 

Fln.1 

2738 

195 

1.182 

233 

198 

1.129 

2S25 

208 

1.240 

111 

213 

1.157 

0.676 

2875 

216 

1.260 

65 

222 

1.159 

0.671 

2925 

230 

1.310 

40 

238 

1.184 

0.656 

2930 

235 

i.318 

14.5 

237 

1.269 

0.722 

.^1^ 
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The  temperatures  were  determined  by  comparison  of  the  color  of  the 
light  emitted  from  the  filament  with  that  of  a  standard  lamp  viewed 
through  a  special  blue  glass.  The  details  of  this  method  of  estimating 
temperatures  will  be  given  in  a  subsequent  paper.  For  the  present  it  will 
suffice  to  say  that  the  temperature  scale  is  primarily  based  on  the  foUowii^ 
formula 

^'^^  ^  =  7.029  -  log  H- 

Here  H  is  the  intrinsic  brilliancy  of  the  filament  in  international  candle 
power  per  sq.  cm,  (projected  area).  On  this  scale  the  melting  point  of 
tungsten  is  3540°  K. 

The  initial  volts  and  amperes  give  the  characteristics  of  the  lamps  as 
first  set  up  (after  two  hours  ageing  o£  the  filament  at  2400°  K.). 

The  final  volts  and  amperes  give  the  characteristics  after  being  set 
up  at  the  indicated  temperature  for  the  time  given  in  the  fourth  column. 

The  final  weight  is  the  average  weight  per  unit  length  as  found  by 
weighing  several  lengths  of  the  filament  on  a  delicate  microbalance 
after  breaking  open  the  bulbs. 

Calculation  of  the  Rate  of  Evaporation. 
Let  u>g  ■=  the  original  weight  of  the  wire  per  unit  length, 
to  —  the  weight  per  unit  length  after  the  time  t, 
p  —  the  density  of  the  wire, 
r  —  radius  of  the  wire, 
R{,  "  its  initial  reastance  per  unit  length, 
£  'E  its  final  resistance  per  unit  ler^ith. 
Then  it  is  easily  seen  that 

W    =    Tf*p, 


■JI- 


(17) 

Now  the  effect  of  the  evaporation  is  to  remove  tungsten  from  the 
surface  at  a  rate  proportional  to  the  extent  of  the  surface.  That  is,  the 
thickness  removed  per  unit  time  is  constant  and  equal  to  mjp.     Therefore 

m        Tit-  T        ^Wo  -  ■^tp     I 

whence  _ 

(19)  V,.^--  ; . 

This  equation  g^ves  the  rate  of  evaporation  m  in  terms  of  the  den«ty 
and  weight  per  unit  of  length  of  the  filament. 
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Since  the  resistance  is  inversely  proportiona]  to  the  cross-section  we  have 
Rb      to 


(ji) 


Substituting:  this  in  (19)  gives 


'-&^-''-^ 


from  which  m  can  be  calculated  from  the  changes  in  resistance. 

It  should  be  noted,  however,  that  (20)  assumes  that  the  specific 
resistance  remains  unaltered,  therefore  equation  (21)  applies  only  when 
the  filament  is  kept  at  constant  temperature,  as  for  example  in  the  fourth 
set  of  experiments.  In  the  first  three  sets  of  experiments,  on  the  other 
hand,  the  lamps  were  run  at  constant  voltage.  The  temperature  there- 
fore gradually  decreases,  and  for  this  reason  the  resistance  does  not 
increase  as  rafiidly  as  if  the  filament  were  kept  at  constant  temperature. 
From  data  on  the  characteristics  of  tungsten  filaments  available  in  this 
laboratory  it  has  been  calculated  that  at  constant  voltage  a  1  per  cent, 
decrease  in  current  corresponds  to  a  decrease  in  cross-section  of  i.il 
percent,  or  an  increase  of  i.ii  percent,  in  resistance  at  constant  temper- 
ature.  Therefore,  before  applying  equation  (21)  to  the  data  in  the  first 
three  sets  of  experiments  an  11  per  cent,  correction  should  be  made  in 
the  changes  in  the  resistance  that  are  produced  by  the  evaporation. 

In  calculating  m  from  equations  (19)  or  (31)  the  value  of  p  was  taken 
to  be  19,4  which  gives  for  ^p/t  the  value  2.486  in  gram  cm.  units. 

In  calculating  the  values  of  m  from  the  data  of  the  fourth  set  of  ex- 
periments, the  values  of  ^Rt/R  were  plotted  as  a  function  of  t  and  the 
best  representative  stnught  line  was  drawn  among  them.  The  slope  of 
this  line  was  used  to  calculate  m  according  to  equation  (21). 

Results  of  Experiuents. 

The  values  of  m,  i.  e.,  the  rate  of  evaporation  of  tungsten  in  grams  per 
sq.  cm.  [)er  second,  were  calculated  by  equations  (19)  and  (21)  as  de- 
scribed above,  and  are  tabulated  below  (Table  IV.). 

In  order  to  determine  whether  m,  the  rate  of  evaporation,  varies  with 
the  temperature  according  to  the  theoretical  equation  (14)  the  quan- 
tity log  IB  -I-  14  log  r  (column  VI.)  was  plotted  (Fig.'i)  against  i/T 
(column  v.). 

According  to  equation  (14)  the  points  should  lie  along  a  straight  line. 
Reference  to  Fig.  i  will  show  that  the  agreement  is  excellent,  although 
the  values  of  m  vary  in  the  ratio  i  :  15,000. 
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rSMMtt 


I. 

II. 

III. 

IV. 

V. 

VI. 

VII. 

B«t. 

Lamp. 

»K"r 

■  xi.^. 

^X""- 

Iof«  +  Mloc7-. 

I. 

_ 

2440 

0.0020 

409.8 

6.05-10 

Weight. 

11. 

— 

2522 

0.0059 

396.5 

6.53-10 

III. 

2800 

0.39 

3S7.1 

8.42-10 

Reastance. 

3136 

30. 

318.9 

0.38 

IV. 

2738 

0.151 

365,2 

7.99-10 

" 

2825 

0.52 

354.0 

8.54-10 

" 

" 

2825 

0.59 

354.0 

8.59-10 

Weight. 

'■ 

2875 

1.01 

347.8 

8.84-10 

Reastance. 

" 

2875 

1.14 

347.8 

8.9O-10 

Weight. 

" 

2925 

1.73 

341.9 

9.10-10 

RcEistance. 

" 

2925 

2.33 

341.9 

9.23-10 

Weight. 

2930 

1.84 

341.3 

9.13-10 

ReriEtance. 

" 

2930 

2.45 

341.3 

9.25-10 

Wdght. 

The  values  of  m  determined  by  the  change  in  re«stance  are  in  every 
case  lower  than  those  found  from  the  change  in  weight.    This  is  due  to 
the  fact  that  the  elimination  of 
traces  of  impurities  from  the  tung- 
sten by  volatilization  and  a  slow 
sintering  process  tend  to  decrease 
the  spedfic  resistance  of  the  tung- 
sten and  hence  counteract  the  in- 
crease in  resistance  due  K)  evap- 
oration.    In  fact,  in  the  first  and 
second  sets  of  experiments  at  3440 
and  2520°  respectively,  the  resist- 
ance during  the  first  part  of  the 
life  actually  decreased,  so  that  the 
resistance  measurements  are  to- 
tally unreliable  as  a  source  of  in- 
formation about  the  rate  of  evap- 
oration.   At  higher  temperatures, 
however,  these  changes  in  sp>ecif)c 
------  resistance  take  place  much  more 

Fig.  1.  rapidly  than  at   lower   tempera- 

tures, and   the   resistance   meas- 
urements  become  of  greater  significance. 

The  values  of  m  found  from  the  changes  in  reastance  are  therefore 
probably  not  as  accurate  as  those  found  from  the  loss  of  weight,  but 
nevertheless  serve  as  a  very  valuable  check  on  the  latter. 
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From  the  slope  of  the  straight  line  in  Fig.  i  we  obtain 

0.318X0  "  47440, 
whence 

Xo  =  217,800  ■  g — calories  per  mol. 

From  this  by  (11)  the  heat  of  evaporation  of  tungsten  at  any  temper- 
ature is  X  =  217,800  —  i.sr. 

We  can  also  calculate  the  value  of  A',  equation  (14),  from  Fig.  i.  We 
obtain 

A'  =  15.402. 

Equation  (14)  thus  becomes 

■"i''-..4iogr. 

1  now  calculate  A;  equation  (12)  thus  becomes 

-4Zf?-o.,logr. 

Since  equation  (22)  represents  the  straight  line  on  Fig.  i,  it  is  readily 
seen  that  this  equation  gives  a  very  satisfactory  method  of  calculating 
the  rate  of  evaporation  at  any  temperature. 

Similarly,  if  we  may  assume  that  the  reflection  of  tungsten  atoms  from 
solid  tungsten  is  small,  then  equation  (23)  must  give  the  vapor  pressure 
with  a  fair  degree  of  accuracy. 

In  Table  V.  are  given  the  rate  of  evaporation,  and  the  vapor  pressure 
of  tungsten  at  various  temperatures  as  calculated  from  equations  (22) 


(22) 

log  m  -  15.402 

From  (15)  Ti 

re  can  now  calculi 

(23) 

log />=  15-502 

Rg.  2. 

Rate  of  evaporation  of  tUQgtten  in  a  vacuum  (n  -  Erams  of  tuDgsten  per  square  cm.  per  sec.). 

Points  ezperiicentallydetermlDed  (>eeTableIV.);curveBcalculated  from  equation  (32). 
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Table  V. 

Rait  of  Eraporaiion  and  Vapor  Frtssurtof  Tung^ltn. 


AlHolataTcmp. 

V.por  P»u».,  am. 

2000*  K. 

114.     XIO-"* 

6.45  X 10-" 

2100 

1.44X10-" 

83.2   X10-" 

2200 

14.4  XIO-" 

849.     X10-" 

2300 

116.7  X10-" 

7.05  X10-* 

2400 

798.     X10-" 

49.2  X10-* 

2500 

4.67  X 10-' 

294.     XIO-" 

2600 

23.6  XIO-* 

1.51X10-* 

2700 

106.     XIO-' 

6.95  XIO-" 

2800 

429.     X10-' 

28.6  X10-* 

2900 

1.57X10-' 

106.    xicr' 

3000 

5.23  XIO-' 

0.000362 

3100 

16.3  XIO-' 

0.00114 

3200 

46.7  X10-' 

0.00333 

3300 

126.     X10-' 

0.00910 

3400 

320.     XIO-* 

0.0234 

3500 

769.     X10-« 

0.0572 

(3540) 

.00107 

0.080 

(5110) 



760. 

and  (23).  Above  the  melting  point  of  tungsten  the  vapor  [iressure  would 
follow  another  curve.  The  boiling  point  5110°  calculated  from  equation 
(23)  must  therefore  be  looked  upon  as  a  lower  limit.  However,  sinc« 
the  heat  of  fusion  of  metals  is  very  small  compared  to  their  heats  of 
vaporization  the  error  is  certainly  not  large,  and  it  can  therefore  be 
safely  concluded  that  the  boiling  point  of  tungsten  must  He  in  the  neigh* 
borhood  of  5100°  K. 

The  data  in  Table  V.  have  been  plotted  in  Figs.  2  and  3.  In  Fig.  2 
the  rates  of  evaporation  as  determined  by  experiment  (Table  IV.)  are 
plotted.    It  isseen  that  the  equation  (22)  fits  in  well  with  the  observations. 

StJHHARY. 

I.  It  is  shown  that  the  vapor  pressure  {p)  of  a  substance  is  related  to 
its  rate  of  eva[>oration  {m)  in  a  vacuum  by  the  following  relation: 


where  M  is  the  molecular  weight  of  the  vapor.  In  the  derivation  of  this 
equation  it  is  assumed  that  all  the  molecules  of  vapor  which  strike  the 
surface  of  the  metal  are  condensed  (not  reflected).  No  other  assumptions 
except  those  that  have  received  ample  experimental  verification  need  be 
made. 
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2.  Experiments  were  made  to  determine  the  rate  of  evaporation  of 
tungsten  in  a  vacuum  at  temperatures  ranging  from  2440"  K.  up  to 
3156"  K.  Over  this  temperature  interval  of  700°  the  rate  of  evaporation 
increased  in  the  ratio  i  :  15,000. 

3.  From  these  data  the  vapor  pressures  were  calculated  and  were 
found  to  agree  excellently  with  the  thermodynamical  relations  such  as 
the  Clausius-Clapeyron  formula.  The  latent  heat  of  evaporation  of 
solid  tungsten  is  thus  found  to  be  (per  184  grams) 

X  —  217,800  —  i.sr  calories, 

a  value  higher  than  the  heat  evolved  by  any  known  chemical  reaction. 

4.  The  rate  of  evaporation  of  tungsten  at  any  temperature  in  a  perfect 
vacuum  is  given  accurately  by  the  equation 

logio  m  =  15.402  -  ^^  -  1.4  1(^,0  T; 

here  m  is  the  rate  of  evaporation  in  grams  per  sq.  cm.  per  second. 

5.  The  vapor  pressure  of  tungsten  in  mm.  of  mercury  at  the  absolute 
tempetature  T  is  given  by  the  equation 

logio  p  =  15.502  -  ^^^  -  0.9  logK  T. 

6.  The  vapor  pressure  of  tungsten  at  2400"  K.  the  tem[>erature  of  the 
filament  in  a  lamp  runnit^  at  i  watt  per  candle,  is  about  50  X  ic*  mm. 


F^.  3. 

Vapor  preasure  of  tungsten  in  millimetcTB  of  mercury- 

At|the'  melting  point  of  tungsten,  3540°  K.,  the  Vapor  pressure  is  0.080  mm. 
The  boiling  point  of  tui^ten  at  atmospheric  pressure  is  probably  very 
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doee  to  5100°  K.    The  vapor  pressure  at  other  temperatures  is  given  in 
Table  V. 

7.  The  rate  of  evaporation  and  the  vapor  pressure  of  tungsten  are 
given  in  Table  V.     Curves  of  the  same  data  are  given  in  Figs.  2  and  3. 
In  subsequent  papers  the  writer  intends  to  publish  data  on  the  rates 
of  evaporation  and  vapor  pressures  of  platinum,  carbon,  molybdenum, 
tantallum,  osmium,  and  some  of  the  <»mmoner  metals  such  as  copper, 
silver,  nickel,  and  iron. 
Rbsbabch  Laboratory, 
Gbnbbal  Electric  Co.. 
scbbnbctady,  n.  y. 
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THE  INFRA-RED  OPTICAL  PROPERTIES  OF  SOME 

SULPHIDES:  A  BALANCED  METHOD  OF  USING 

THE  BOLOMETER. 

By  Ikving  B.  Crandall. 

THE  relation  between  the  optical  properties  of  compounds  and  their 
chemical  properties  has  been  investigated  for  a  number  of  sub- 
stances in  the  visible  and  ultra-violet  regions  of  the  spectrum.  Certain 
organic  compounds  have  also  been  experimented  with  in  the  infra-red 
spectrum  in  a  systematic  manner,  but  little  has  been  done  in  this  region 
with  classes  of  inorganic  compounds  (including  minerals)  if  we  except 
the  work  of  Nichols  and  his  students  on  the  reflection  from  salts  of  the 
alkaline  earths,'  of  Clark  on  the  reflection  from  chromates,*  of  Morse  on  the 
reflection  from  carbonates,*  of  Rubens  and  HoUnagel  on  the  reststrahlen 
from  salts  of  the  alkalies,*  and  of  Coblentz  on  the  r61e  of  water  in  minerals.' 
Perhaps  the  field  seems  unpromising  on  account  of  the  difficulty  of 
obtaining  good  pieces  of  the  right  dimensions  of  the  solids  in  question, 
and  polishing  their  surfaces. 

Last  year  Prof.  A.  Trowbridge,  noting  the  perfect  cleavage  in  one 
direction  of  the  minerals  molybdenite  and  stibnite,  was  led  to  investigate 
the  optical  properties  of  thin  layers  of  these  substances.  He  used  an 
infra-red  spectrograph  of  moderate  resolving  power,  and  obtained  ap- 
pnndmate  values  for  the  extinction  modulus  nx  for  the  two  substances. 
On  observing  the  transmission  of  very  thin  cleavage  layers  of  molyb- 
denite there  were  found  broad  absorption  bands,  regularly  spaced, 
beginning  at  wave-length  5  or  6ft.  The  same  piece  exhibited  bands  close 
together  in  the  very  short  region  in  the  red  end  of  the  visible  spectrum 
for  which  it  was  transparent.  It  was  not  known  whether  these  bands 
were  due  to  interference  in  the  layer,  or  simply  to  ordinary  absorption. 
The  object  of  undertaking  the  present  investigation  was  to  repeat  these 
measurements  with  apparatus  of  lai^er  resolving  power,  and  determine, 
if  possible,  the  refractive  indices.  In  addition,  it  was  planned  to  experi- 
ment with  other  sulphides,  and  discover  any  common  optical  properties 

■  Phvs.  Rev.,  XXVII.,  igoS,  p.  la;,  and  other  papers. 

•Astro.  Jour.,  35,  igia,  p.  48. 

'Aalto.  Jour.,  a6,  1907,  p.  235. 

'  Stz.  Ber.  Preus.  Akad.  V/iaa.,  Berlin,  4,  1910.  p.  26. 

•Jour.  Fr.  Inat..  CLXXII..  1911,  p.  309. 
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that  might  exist.  The  position  and  magnitude  of  the  bands  shown  by 
molybdenite  were  to  receive  especial  coiKideration,  as,  if  they  proved  to 
be  due  to  interference,  a  way  might  be  found  to  determine  the  refractive 
index  that  did  not  depend  on  the  reflecting  power.  The  refractive  indices 
of  molybdenite  and  stibnite  were  known  to  be  very  high'  so  that  they 
should  be  interesting  substances  from  this  point  of  view  alone.  Before 
going  further,  we  may  remark  that  the  sulphides  are,  next  to  the  halt^en 
salts  and  oxides,  the  simplest  class  of  binary  metallic  compounds,  and 
ought  to  give  easily  interpreted  results,' 

A  Baianced  Method  of  Using  the  Bolometer. 

In  the  work  to  be  hereinafter  described  the  bolometer  was  used  in  a 

maimer  perhaps  unusual,  for  comparing  intensities  of  radiation  in  the 

infra-red  spectrum ;  we  therefore 

proceed  to  consider  the  method 

somewhat  in  detail. 

A  linear  bolometer  of  the  usual 
form  was  constructed,  the  di- 
mensions of  the  two  strips  form- 
ing two  arms  of  the  Wheatstone 
bric^  being  in  width  0.5  mm. 
and  in  length  25  mm.  These 
had  a  resi8t2mce  of  about  4  ohms 
each.  The  other  two  arms  of 
the  bridge  were  coils  of  manga- 
nin  wire  situated  within  the  bolometer  case,  and  having  a  resistance 
of  20  ohms  each.  The  connections  are  as  given  in  Fig.  I.  A  current 
of  about  0.08  ampere  traversed  each  arm  of  the  bridge.  The  radiation 
is  sup[>osed  to  fall  on  the  strip  B. 

'  See  later  referencei. 

'  After  this  work  had  beeo  completed  and  prepared  for  publication,  it  was  found  tbat  an 
important  paper  dealing  with  this  subject,  by  J.  Koenissberger  and  O.  Reichenheiin  (Centialbl. 
f.  Mia,,  1905.  p.  454)  bad  been  overlooked.  Tlie9e  authom  investigated  the  absorbing  powers 
and  electrical  conductivities  of  moljrbdenite,  atlbnite,  pyrlte.  galena,  and  iron  sulphide;  their 
work  on  conductivity  fumishea  the  only  data  available  for  tliese  materials,  and  ^will  be  quoted 
later  In  the  discussion  of  the  present  results.  On  absorption,  however,  since  they  did  not  lue 
spectral  dispersion,  but  only  employed  screens  to  obtain  comparatively  large  ranges  of  radi- 
ation— tile  total  radiation  In  a  given  region  of  the  spectrum  being  measured — their  results 
are  only  approximate.  These  will  be  compared  with  those  obtained  by  the  writer  for  tlie 
various  materials.  Koenigsberger  and  Reichenheim  state  that  they  were  usually  only  able 
to  use  smaU  pieces  (4X4  mm.  in  area)  of  the  minerals:  in  the  present  work  much  larger 
pieces  of  stibnite  and  molybdenite  were  used,  and  they  were  also  of  quite  uniform  thickness; 
it  must  be  stated,  however,  tbat  Koenigsberger  and  Reichenheim  have  results  for  pyrite, 
which  the  present  author  found  quite  difficult  to  handle,  so  that  no  result*  are  oSered  here 
for  this  material. 
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The  bridge  would  ordinarily  be  balanced  for  zero  radiation  by  shunting 
one  of  the  arms,  say  R',  with  a  more  or  less  constant  reastance  Ri,  and 
then,  the  bolometer  strip  B  being  exposed  to  the  radiation,  the  deflection 
of  the  galvanometer  deflection  taken  as  directly  proportional  to  the 
energy  received  by  the  strip.  The  present  method,  however,  consists  in 
balancing  the  bridge  ^nain  by  adjusting  the  shunt,  and  converting  read- 
ings obtained  in  this  way  into  relative  changes  of  reastance  in  B,  due  to 
the  incident  radiation.  If  we  determine  the  relaUve  changes  in  the 
resistance  of  the  strip  produced  by  different  quantities  of  energy  falling 
on  it,  we  have  accurately  the  ratio  between  the  two  quantities  of  energy, 
if  we  make  the  single  assumption  (fundamental  for  all  bolometric  work) 
that  the  change  in  the  resistance  of  the  strip  is  directly  proportional  to 
the  quantity  of  energy  falling  on  it.  If  B  were  equal  to  B'  and  R  to  R' 
within  very  narrow  limits,  then  a  resistance  of  several  thousand  ohms 
as  Ri  would  suffice  to  balance  the  bridge;  furthermore,  a  change  of  o.l 
ohm  in  Ri  would  probably  be  the  smallest  convenient  amount  which  would 
be  detected  by  a  good  galvanometer,  say  of  10  ohms  resistance  and  a 
sensitiveness  of  lo''  ampere  per  scale  division  at  a  meter  distance.  In 
the  present  case  however  the  strips  B  and  B'  were  hurriedly  made,  and 
only  adjusted  to  within  about  l  .5  per  cent,  of  each  other,  so  that  it  became 
necessary  to  use  ^1  for  balancing  the  bridge  for  zero  radiation,  and  to 
add  the  supplementary  resistance  Rt  for  the  purpose  of  making  the 
adjustments  used  in  measuring  the  radiation. 

For  the  sake  of  completeness  we  give  here  the  numerical  calculations 
relating  to  a  definite  set  of  values  for  the  various  redetances  used. 
Several  combinations  were  tried,  but  the  one  which  seemed  best  adapted 
to  the  sensitiveness  of  the  galvanometer  was  the  following: 

B  =  B'  *  1.5  per  cent.  -  ca.  4  ohms, 

R  =  R'  =  20  ohms, 
R\  =  588  ohms, 

Rt  =  4,800  ohms  (variable  by  increments  of  o.i). 
Given  different  changes  in  Rt  corresponding  to  different  values  of  the 
resistance  of  the  arm  of  the  bridge  (or  different  quantities  of  energy 
falling  on  B)  we  desire  the  relation  between  them.     If  the  total  resistance 
of  the  arm  is  denoted  by  R,  then 

R-R'  +  R,+Rt^^^^'^Rt'''^Rt-  ^'^ 

where  a  =  (Ri  +  R')l{RiR')  is  kept  constant.    Differentiating, 
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which  shows  at  once  that  dRt  is  quite  different  for  equal  changes  dR 
if  we  consider  two  ciianges  dR  which  are  the  first  and  last  increments  in 
a  total  change  of,  say,  lOOdR  We  must  therefore  derive  a  convenient 
formula  for  correcting  the  observed  readings  dRt:  one  would  naturally 
expect  that  an  additive  per  cent,  correction  would  be  easiest  to  apply  to 
dRi.  Since  dRt  is  now  no  longer  an  infinitesimal,  but  a  considerable 
fraction  of  ^i  we  must  derive  the  formula  rigorously  from  the  beginning. 
Writing  down  (l)  and  increasing  R  and  Rt  by  dR  and  dRt  respectively, 
we  have 


I  +  J!«' 
,   ,    „  Rt  +  dRt 

"•"  l  +  iRt  +  dRtW 

Rt  +  dRt Rt 

■  I  +  (R.  +  dRt)ii  ~  I  +  Rm' 
dRt 


(3) 

(4) 

(5) 
(6) 


(Ji»  +  !)■  +  odRtil  +  uRi)' 
for  which  we  may  write 

in  which  x  denotes  the  required  per  cent,  correction.     Equating^  the  right- 
hand  members  of  (6)  and  (7),  we  find  that 
adRt 


(1  +  aRt)  +  adRt ' 


(8) 


As  \adRt\  <  |i  +  aRi\  we  note  that  if  dRt  is  negative,  x  is  negative  and 
therefore  the  correction  is  additive.  To  apply  the  correction,  we  first 
calculate 


Ri  +  R'       I  /_   ,   R'\ 
'     RiR' 


40 


+1 


Since  a  is  approximately  i/R',  or  1/20,  x  is  very  nearly  independent  of  a, 
and  this  approximate  value  of  a  is  quite  good  enough  to  use  in  computing 
X.  If  we  compute  x  as  a  function  of  dRi  we  have  the  following  values 
which  are  plotted  in  Fig.  2. 

-  =  J!'  —  20  ohms.     J?i  =  588  ohms.     Ri  =  4,800  ohms. 
a 

dRt  ~  R'  +  Rt  +  dRi 

—  100  ohma  ■       +0.021 

—  400  0.091 

—  800  0.199 
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We  can  easily  read  from  the  curve  the  proper  correction  to  apply  to  a 
given  reading;  e.  £.,  if  iR%\&  i,20oohinswe  add  33  per  cent,  or  multiply  by 
1.33  to  obtain  a  number  directly 
proportional  to  the  change  in  re- 
sistance of  an  arm  of  the  bridge. 
Assuming  that  the  change  in  re- 
sistance is  directly  pro[X)rtional 
to  the  enei^  falling  on  the  strip, 
we  then  have  a  number  directly 
proportional  to  this  quantity  of 
energy.  Note  in  passing  that,  in 
case  Rt  shunted  an  adjacent  arm 
of  the  bridge  and  had  to  be  in- 
creased, the  correction  would  be 
a  negative  one,  and  relatively 
decreasing  with  increasing  iR^, 
i.  t.,  concave'to  the  right  instead 
of  to  the  left. 

The  following  fraints  in  favor  of  this  method  of  using  the  bolometer 
may  be  noted: 

It  does  not  assume  that  the  current  through  the  galvanometer  is 
directiy  proportional  to  the  change  in  the  resistance  of  one  of  the  bridge 
arms. 

It  is  independent  of  changes  in  the  sen^tiveness  of  the  galvanometer, 
and  also  of  the  position  of  the  galvanometer  zero,  if  this  varies. 

In  passing  through  parts  of  the  spectrum  rich  in  enei^,  there  is  no 
slbrupt  change  in  the  sensitiveness  of  the  apparatus  to  radiation,  as  there 
would  be  if  successive  shunts  or  series  resistances  had  to  be  thrown  into 
the  galvanometer  circuit.  In  fact  the  double  uncertainty  of  non-linear 
galvanometer  scale  and  inaccurate  shunts  was  what  led  the  writer  to  try 
this  balanced  method.  The  non-linear  scale,  in  particular,  is  a  great 
disadvantage,  which  can  scarcely  be  avoided  as  long  as  we  have  to  use 
for  measuring  radiation  galvanometers  with  small  suspended  system 
turning  through  relatively  lai^e  angles.  For  these  reasons  this  method 
should  be  peculiarly  adaptable  to  running  energy-spectrum  curves. 

Under  favorable  conditions  as  to  steadiness  of  bolometer  (usii^  a  very 
tightly  enclosed  vacuum-bolometer)  one  could  easily  read  the  energy 
at  the  maximum  of  an  energy  curve  to  one  ten-thousandth  part  of  itself. 
This  condition  was  realized  by  the  present  writer,  in  the  following  meas- 
urements, as  far  as  quantity  of  energy  and  sensitiveness  was  concerned, 
but  not  with  regard  to  steadiness,  as  the  bolometer  was  air  enclosed,  and. 
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in  passing  through  the  spectrum,  the  zero  (that  is,  the  value  of  Rt  neces- 
sary to  balance  for  no  radiation  falling  on  the  strip)  was  not  determined 
after  each  reading,  but  only  at  intervals  over  the  wh(^e  range.  It  takes 
time  and  patience  to  balance  the  bridge,  but  when  accurate  results  are 
desired,  it  seems  that  this  method  may  be  valuable,  although  where 
the  energy  curve  is  flat  and  the  quantity  of  enei^y  relatively  small  (say 
for  X  >  10^)  it  must  be  said  that  the  deflection  method  yields  about  as 
accurate,  and  rather  more  easily  obtained  results. 

Arrangement  and  Adjustment  of  the  Optical  Apparatus. 

The  infra-red  dispersion  apparatus  consisted  of  a  rock-salt  prism  of 
angle  60°  i'8"and  faces  11  cm.  by  7.5  cm.  high,  htted  with  a  Wadsworth 
mirror,  the  whole  rotating  with  the  17-inch  divided  circle  of  a  large  spec- 
trometer of  the  ordinary  type.  Two  concave  mirrors  of  66  cm.  focal  length 
and  7.5  cm.  aperture  served  as  collimators,  being  rigidly  mounted  on 
arms  of  the  spectrometer.  The  bolometer  case  was  held  by  an  inde- 
pendent massive  support,  as  were  also  the  slit  and  an  external  mirror 
(of  7.5  cm.  aperture  and  33  cm.  focus)  which  was  used  to  bring  a  real 
image  of  the  source  of  light  on  the  slit.  When  not  in  use  a  glass  cover 
jar  was  fitted  over  the  prism,  and  sealed  with  oil  in  an  annular  trough 
around  the  edge ;  a  drying  f^^ent  placed  within  assured  a  dry  atmosphere 
surrounding  the  prism.  This  arrai^ement  has  been  very  satisfactory 
for  a  period  of  time  of  several  months.  The  whole  apparatus,  then,  does 
not  differ  from  the  ordinary  infra-red  prism  spectrc^raph  except  perhaps 
in  point  of  size. 

The  width  of  the  bolometer  strip  has  been  given  as  0.05  cm.;  in  most  of 
the  following  work  the  slit  was  of  the  same  width,  and  its  length  was  such 
that  the  spectrum  covered  nearly  all  of  the  bolometer  strip.  In  a  few 
cases,  however,  the  proportions  of  the  slit  were  changed  in  order  to  try 
the  transmission  of  a  small  specimen.  A  slit  of  width  0.05  cm.  subtends 
an  angle  of  0.00076  radians  or  2.7  minutes  of  arc,  if  viewed  from  the 
telescope  mirror.  This  is  equal  to  an  extent  in  the  spectrum  of  from  o.  i^ 
to  0.5>i,  depending  on  the  dispersion.  On  the  average,  between  r^  and 
7/1  the  strip  may  be  considered  as  receiving  the  energy  of  a  spectral 
region  0.35/1  in  extent. 

For  calibration,  the  D  line  was  taken  as  a  datum,  and  a  curve  was 
plotted  showing  the  deviation  from  the  position  of  the  D  line  as  a  function 
of  X.  The  prism  angle  was  carefully  measured,  and  for  the  dispersion 
of  the  rock-salt,  Paschen's'  values  were  used.  From  the  deviation  curve, 
a  scale  of  wave-lengths  and  at^ular  rotation  from  the  D  line  was  con- 
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structed  by  projection  on  the  drawing  board.  This  scale  was  about  12 
inches  long  for  the  region  from  X  —  0.5896^  to  X  —  7^1.  For  making  the 
measurements  rapidly,  advantage  was  taken  of  a  train  of  gears  which 
connected  the  rotating  prism-circle  with  a  plate  lowerii^  apparatus, 
which  was  originally  designed  so  that  infra-red  botograms  could  be  made 
by  recording  the  galvanometer  deflections  on  a  moving  sensitive  plate. 
The  graphically  constructed  scale  was  of  such  a  length  that  when  fitted 
to  the  plate-carrier  (the  whole  apparatus  being  adjusted  to  the  D  line), 
the  scale  slid  by  a  fiducial  mark  giving  correct  wave-length  readings  as 
the  spectrum  was  made  to  march  across  the  bolometer  strip.  A  test 
of  the  scale  usually  gave  the  wave-length  of  the  C0»  absorption  band 
within  0.02  or  0.03*1  of  its  correct  value  (X  =  4.38ft).  Of  course  settings 
made  with  this  scale  cannot  compare  for  accuracy  with  those  made  by 
means  of  a  calibration  curve  and  a  reading  microscope,  but  this  would 
have  been  very  tedious  work  for  these  measurements.  The  various 
gears  between  the  plate  carrier  and  the  rotating  circle  introduced  small 
errors  of  lost  motion  and  uneven  running  which  could  not  be  eliminated. 
Taking  into  consideration  all  errors,  it  is  estimated  that  the  absolute 
position  in  the  spectrum  at  any  setting  was  known,  on  the  average,  to 
within  o.05fi,  and  any  setting  could  be  repeated  (by  turning  back,  and 
coming  forward  again  until  the  same  division  was  under  the  mark)  to 
about  o.oiii.  Some  badly  determined  points  may  be  noticed  among  the 
observations:  the  steep  slo[>es  of  the  energy  curve  near  the  atmospheric 
absorption  bands  at  2.1/1,  2.7/1,  and  4.4>i  were  especially  troublesome,  and 
inaccuracies  due  to  this  cause  cannot  be  avoided  unless  a  setting  can  be 
repeated  to  within  a  few  thousandths  of  a  n,  which  was  impossible  with 
the  method  and  apparatus  used  by  the  writer. 

As  a  source  of  light,  a  one-ampere  A,C,  Nemst  filament  of>erated 
somewhat  below  full  capacity  on  a  storage  battery,  was  found  to  give 
the  most  constant  radiation.  After  being  used  for  some  time,  the  A.C. 
glower  (with  leads  fused  in  at  each  end)  seemed  to  develop  a  very  constant 
resistance.  It  may  be  stated  that  enclosing  the  source  of  radiation  in  a 
water  jacket  proved  very  effective  for  disposing  of  all  the  eneigy  not 
thrown  into  the  spectrometer  by  way  of  the  coUimating  system. 

No  limitii^  diaphragm  was  used  anywhere  in  the  path  of  the  beam. 
Practically,  the  prism  face  acted  as  such  a  diaphragm,  as  the  beam  from 
the  collimator  was  so  much  larger  than  the  prism  face  that  the  prism 
refracted  only  about  50  or  60  per  cent,  of  the  light,  that  is,  the  central 
portion.  Since  the  light  from  the  edges  of  the  mirrors  was  thus  lost, 
small  errors  in  coUimation,  introduced  by  interposing  specimens,  had 
practically  no  effect  on  the  position  and  intensity  of  the  spectrum. 
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The  Observations. 

In  determining  the  per  cent,  of  light  transmitted  through,  or  reflected 
by  a  given  specimen,  settings  were  made  at  intervals  of  about  o.im 
throughout  the  spectrum,  and  readings  taken  with  the  bridge  balanced 
at  each  setting — thus  obtaining  measures  of  the  relative  quantities  of 
energy  at  different  wave-lengths.  Then  the  spectrometer  was  turned 
back,  the  specimen  interposed,  the  same  settings  repeated  and  the  enet^ 
determined  as  before.  The  ratio  was  easily  computed  after  the  cor- 
rections earlier  described  were  applied  to  the  bridge  readings. 

If  natural  specimens  are  used  it  is  hardly  practicable  to  place  them  in 
parallel  light;  they  must  be  placed  where  the  beam  is  small,  i.  e.,  near  the 
slit.  All  the  transmission  s[>ecimens  used  by  the  present  writer  were 
placed  perpendicular  to  the  beam,  and  behind  the  slit.  It  is  especially 
important  for  specimens  of  highly  refracting  material  that  they  be  placed, 
behind  rather  than  in  front  of  the  slit,  in  order  that  the  focus  of  the  image 
of  the  energy-source  on  the  slit  shall  be  exactly  the  same  with  and  without 
the  specimen  in  place.     For  reflection  the  arrai^ement  shown  in  Fig,  3 


Fig.  3. 

was  used:  the  silvered  mirrors  Mi  and  Mt  were  fixed,  and  the  n 
also  silvered,  could  be  removed  and  a  surface  of  the  material  to  be  in- 
vestigated substituted.  The  angle  of  incidence  was  here  about  18", 
which  was  practically  normal  incidence  for  materials  of  high  refractive 
index.  The  reflecting  power  of  the  specimen  was  easily  determined,  using 
Hagen  and  Rubens'*  values  for  the  reflectii^  power  of  silver  to  correct 
the  energy  observed  when  mirror  M  is  in  place. 

The  Opticai,  Properties  of  Soue  Sulphides. 

Stibnite. — ^The  observations  on  stibnite  are  given  in  Fig.  4.  Two 
determinations  were  made  of  the  reflection,  and  of  the  transmission  of 
two  different  thicknesses.    The  curves  are  simply  a  mean,  intended  to 

1  Ann.  d.  Phyuk,  II,  1903. 
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be  as  consistent  as  possible  with  both  sets  of  observations.    This  practice 
was  followed  with  all  the  observations.* 

Specimens  of  Japanese  stibnite  were  used  with  natural,  fresh  cleavage 
surfaces.  Stibnite  crystallizes  in  the  orthorhombic  system,  and  is 
biaxial  if  like  all  known  transparent  crystals  of  this  class.     The  cleavage 
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Fig.  4. 
Curve  A :  Per  cent,  of  energy  reflected  from  Btibnite. 
Curve  B%  Per  cent,  transmitted  through  layer  O.IS  cm.  thick. 
Curve  C:  Per  cent,  tnuumitted  through  layer  0.7J  cm.  thick, 

is  perpendicular  to  the  crystallographic  ^axis,  so  that  the  path  of  the 
light  lay  along  this  axis.  The  bisectrix  of  the  optical  axes  of  crystals 
of  this  type  may  lie  along  any  one  of  the  a,  b,  c,  crystallographic  axes, 
so  that  the  optical  constants  here  determined  are  for  neither  pure  ordinary 
or  extraordinary  rays.  They  are  offered  merely  as  empirical  relations 
which  will  have  to  serve  for  cleavage  layers  until  this  substance  is  more 
thoroughly  investigated.^     In  Fig.  8  are  given  the  values  of  the  extinctJon- 

'  Koenlgsberger  and  Scichenhelm  obtain  mmewhat  lower  values  for  transmission  and 
reflection  of  stibnite.  Coblentz,  however  (quoted  In  Wood's  Optics,  id  ed.,  p.  400).  obtain* 
ft  value  (or  transmission  veiy  dose  to  that  offered  here. 

•  The  following  experiments  by  Prof.  A.  Trowbridge  on  the  double  refraction  of  stibnite 
may  be  of  interest  here: 

A  collimator  system  containing  a  glass  lens,  a  silt,  and  a  concave  miiror  was  set  up  between 
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modulus*  nx  computed  from  the  observations  on  the  transmisdon  of  the 
two  thicknesses  by  means  of  the  fonnula 

X  log  J,/ J. 
«>'->'»-4,(d,  _d,)loge 
in  which  a  =-  the  extinction  coefhcient, 

Jt  =  relative  transmission  of  the  thin  piece, 
Ji  "  relative  transmission  of  the  thick  piece, 
di  —  thickness  of  thick  piece,  and 

dt  —  thickness  of  thin  piece,  measured  with   the  micrometer 
caliper. 

In  the  derivation  of  this  fonnula  the  reflection  from  the  first  surface  and 
one  reflection  from  the  last  surface  are  eliminated.  If  a  specimen  acta 
as  a  Fabry  and  Perot  interferometer,  and  by  successive  internal  reflections 
contributes  to  the  transmitted  energy,  we  can  only  observe  that  on 
account  of  the  thickness  the  resulting  interference  bands  in  the  spectrum 
are  so  narrow  that  the  bolometer  does  not  resolve  them,  and  only  the 
mean  energy  is  observed.  This  should  be  equal  to  the  enet^  in  the 
first  transmitted  ray,  so  that  we  are  justified  in  placing  confidence  in  the 
above  given  formula;  furthermore  the  successive  rays  due  to  multiple 
internal  reflections  are  rapidly  extinguished  by  the  increased  absorption 
due  to  lengthening  path  in  the  material.* 

The  limit  of  transmission  of  a  piece  a  fraction  of  a  millimeter  thick  is 
at  0.74M.» 

a  Nenut  fUamenC  and  a  bolometer.  In  this,  collimator  «yMem  were  placed  an  analyEer  and  a 
polarizer  coasUtlng  of  transmission  plates  of  mica,  with  their  directions  of  greatest  transmlsaloa 
crossed.  Between  analyzer  and  polarizer  was  placed  a  layer  of  stibnite  which  was  rotated. 
Tttere  was  no  dispersion,  total  radiation  through  the  glass  lens  being  measured  by  the  bo- 
lometer. On  the  stibnite  cleavage  surfaces  there  are  strise  parallel  to  the  crystaUogiaphk 
a-axis:  it  was  found  that  when  the  layer  was  turned  so  that  the  sttiie  made  an  angle  of  45° 
with  the  plane  of  polarization  of  the  polarizer,  about  four  times  as  much  energy  was  transmitted 
as  when  the  strte  were  either  perpendicular  or  parallel  to  the  pUme  of  polatizetion-  This 
shows  either  that  it  ia  more  transparent  to  a  vibration  making  an  angle  of  45°  with  the  strite, 
or  tliat  in  that  case  it  gives  rise  to  a  circular  vibration:  either  explanation  would  imply  double 
refraction. 

Again,  the  polarizer  was  removed,  and  a  prism  placed  in  the  collimator  system,  thus  con- 
verting it  Into  a  dispersion  apparatus.  The  layer  of  stibnite  was  put  In  with  its  stris  parallel 
to  the  slit,  and  energy  spectra  observed  with  the  analyzer  set  at  dUFereot  azimuths.  It  was 
found  for  wave-lengths  less  than  3^  (for  which  the  glass  lena  was  transparent)  that  more  energy 
got  through  when  the  plane  of  vibration  of  the  analyzer  was  parallel  to  the  strls  than  when 
perpendicular.  This  shows  tliat  its  extincUon  coefficient  is  different  for  vibrations  in  different 
directions,  or,  that  it  acts  like  tourmaline  to  some  degree,  and  may  be  used  as  an  analyser. 

'  We  follow  the  notation  of  Kayser.  Handbuch.  III.,  p.  15. 

■  Koenigsberger  and  Seichenhelm  (loc.  dL)  derive  a  more  rigorous  formula,  taUng  Into 
account  the  second  reflections,  but  we  do  not  carry  the  formula  this  far,  for  the  reasons  stated. 

*  A  piece  of  stibnite  transpwenC  down  to  0.750011  at  ordinary  temperature  became  bans* 
parent  to  0.7300/1  on  being  cooled  by  immersing  in  liquid  air. 
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No  attempt  to  obtain  the  refractive  indoc  was  made  except  in  a  very 
general  way  from  the  reflection  observations.  After  4*1  the  reflection 
and  absoprtion  curves  are  practically  constant:  since  the  value  of  nx  is 
so  very  low,  we  may  obtain  an  approximate  value  for  the  refractive  index 
by  ignoring  nx  and  using  the  formula  for  reflecting  power 


which,  solved  for  «,  gives 


■c^y 


=  (!+«•  ^iR). 


■■      1-R^ 
Using  the  larger  root  for  »  we  calculate  the  following  values: 


(9) 


(10) 


which  are  given  simply  as  being  in  the  neighborhood  of  those  given  by 
E.  C.  MUller,  namely  n,^  =  4.69  and  «b«,  =  5.53.'    The  outstanding 
feature  is  of  course  the  very  small  dispersion,  and  the  constancy  of  the 
extinction  coefficient  a  from  about  2/t  on,  in  the  infra-red. 
On  the  electromagnetic  theory  for  absorbing  bodies  the  relations* 

»*(r-X*)--<.  C") 

iV^  *  aT.  (12) 

should  hold,  in  which  <  is  the  dielectric  constant,  a  the  conductivity  in 
absolute  electrostatic  units,  and  T  the  time  of  one  vibration.  The  writer 
is  unable  to  find  any  data  for  the  two  electrical  constants,  but  the  fol- 
lowing table,  calculated  from  the  values  of  n  and  nx  may  be  of  some  use 
(we  take  n  =  6.00  for  these  values  of  X) : 


A 

, 

-X 

-■--•x/7- 

1.5  M 
3.0 
5.0 
7.0 

6.0 
6.0 
6.0 
6.0 

3.35  X 10-' 
5.6      10-' 
7.2      10-' 
10.0      10-' 

4.0X10* 
3.3     10» 
2.6    10" 
2.6    10" 

A  conductivity  of  3  X  10"  electrostatic  units  is  equal  to  a  resistance  of 
30  ohms  per  cubic  centimeter. 
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Sphalerite. — ^The  observations  on  this  substance,  the  natural  sulphide 
of  zinc,  are  given  in  Fig.  5.  Sphalerite  is  isometric  (optically  isotropic) 
and  all  cleavages  should  pve  specimens  with  the  same  optical  properties. 
The  material  is  marred  by  a  yellow  coloring  and  resinous  streaks  due  to 
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Fig.  5. 
Curve  A :  Per  cent,  of  energy  reflected  from  sphalerite. 
Curve  B:  Per  cent,  transmitted  through  layer  0.067  cm.  thick- 
Curve  C:  Per  cent,  transmitted  through  layer  0.253  cm.  thick. 
Curve  D:  Per  cent,  transmitted  tbrouKb  layer  1.68  cm.  tblck. 

the  presence  of  iron  and  manganese  sulphides,  which  crystallize  Isoraor- 
phous  with  the  sphalerite.  With  regard  to  the  curves,  the  crossing  of 
B  and  C  at  X  —  4.5;*  may  be  explained  by  the  fact  that  B  is  from  a  very 
small  specimen,  which  necessitated  using  a  short  and  wide  spectrometer 
slit  in  running  the  curve.  B  is  offered  simply  for  its  interest  near  the 
absorption  band  at  ^.2^.  The  fact  that  Z>  is  so  much  lower  than  C  for 
X  <  3^  is  probably  due  to  a  much  greater  quantity  of  the  brown  impurity 
in  the  thick  specimen.    The  values  of  nx  computed  from  curves  C  and  D 
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are  given  la  Fig.  8.  The  limit  of  transparency  of  a  piece  about  0.5  mm. 
thick  was  determined  by  the  writer  with  the  aid  of  an  ultra-violet  spec- 
trograph and  found  to  be  about  at  O.^Sit.  It  is  practically  impossible  to 
determine  the  refractive  index  of  sphalerite  in  the  infra-red  without 
polishing  acute  prisms  of  the  material.  Experiments  made  by  the  writer 
show  that  a  polish  even  approaching  the  perfection  of  a  cleavage  surface 
b  out  of  the  question,  as  the  material  is  comparatively  soft;  its  hardness 
on  the  Moh  scale  being  about  3.7.  The  refractive  index  is  so  high 
(«,r«.  *  24007,  M„noir  =  2-3692.  »»™<i  =  2.3417')  *hat  natural  cleavage 
prisms  (of  angle  60°)  are  of  no  use,  even  if  they  could  be  obtained  of 
sufficient  size.* 

The  absorption  bands  determined  at  i  .5^  and  3.2>i  should  be  character- 
istic of  pure  sphalerite.  According  to  numerous  analyses,  no  water  of 
crystallization  or  of  combination  is  contained  in  the  material. 


Molybdenite. 
Curre  A :  Per  cent.  Uansmluloii  of  a  layer  t,2ii  thick. 
Curve  B:  Per  cent,  transmliaiaii  oT  a  layer  0.0246  cm.  thick. 
Curve  C:  Per  cent,  transmisaion  of  a  layer  0.0769  cm.  thick. 


Molybdenite. — This  is  the  most  interesting  of  all  the  sulphides  in  its 
optical  properties.  Its  crystals  are  hexagonal,  with  basal  cleavage 
allowing  specimens  of  almost  any  thinness  to  be  obtained.     Hexagonal 

'  Ramsay,  Zt.  f.  Krytt..  la,  1887.  p-  ai8. 

*  We  have  no  data  that  will  enable  ub  to  te«t  the  relation  n'x  ~  'T.  Doelter  (Slti.  Ber. 
d.  Kala.  Akad..  Wien,  119,  I.,  iijio,  p.  4g)  atate*  that  "zinc  aulphide.  even  when  heated  to 
410°  (when  it  decomposed)  ihowed  practically  no  conductivity." 
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crystals  are  doubly  refracting,  uniaxial  with  the  optic  axis  along  the 
crystallographic  c-axis,  that  is,  perpendicular  to  the  cleavage  planes. 
Therefore  in  determining  the  optical  constants  for  light  passing  aloi^  the 
optic  axis,  we  have  to  deal  only  with  the  ordinary  ray,  and  any  constants 
that  we  can  determine  in  this  way  are  the  true  ones  for  the  ordinary  ray. 
The  observations  for  the  relative  transmission  are  given  in  Fig.  6.  The 
wavy  character  of  Curve  A  is  very  striking  and  at  once  au^ests  inter- 
ference. That  this  is  interference  is  proved  by  the  fact  that  the  spacing 
of  the  bands  varies  with  the  thickness  of  the  specimen.  In  Fig.  7  Curve 
A  gives  the  enei^  reflected  from  a  piece  slightly  thicker;'  the  bands  are 
closer  together,  as  they  should  be. 


Fig.  7. 

Molybdenite. 

Curve  A :  Pet  cent,  of  energy  reflected  from  a  layer  6.6(i  thick. 

Curve  B:  Per  cent,  of  energy  reflected  from  a  layer  34fi  thick. 

Both  of  these  also  showed  interference  in  the  visible  region  as  will  be 
discussed  later.  A  very  thin  specimen  (about  i^  thick)  gave  the  ab- 
sorption spectrum  shown  in  the  lower  left-hand  comer  of  Fig.  6,  the 
limit  of  transmission  being  at  about  0.51/t.  Besides  the  3  curves  shown 
in  Fig.  6  a  fourth  might  have  been  given  showing  the  transmission  of  a 
piece  34fi  thick,  but  this  is  omitted,  as  it  is  practically  identical  with  Curve 
A  except  in  the  matter  of  interference.  The  light  reflected  from  this 
piece  is  given  in  Curve  B,  Fig.  7,  which  is  also  identical  with  A,  Fig.  7, 
except  for  the  interference.  The  values  of  «x  given  in  Fig,  8  are  com- 
puted by  the  usual  method  from  Curve  A  (using  mean  values  where  it 
oscillates)  and  Curve  C,  Fig.  6. 
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The  determination  of  the  thickness  of  the  very  thin  pieces  of  molyb- 
denite is  somewhat  difficult  by  ordinary  methods.  Any  method  involvii^ 
pressure  is  apt  to  damage  the  specimen,  so  that  recourse  was  had  to  the 
method  of  weighing,  the  specific  grav- 
ity having  been  determined  and  the 
area  of  the  piece  being  computed. 

To  produce  a  good  cleavage  surface 
for  reflection,  it  was  necessary  to  split 
a  thin  layer  of  the  material  and  sque- 
gee  it  down  onto  a  piece  of  plate 
glass  by  rubbing  it  lightly  with  a  pad 
of  cotton,  thus  securing  a  fairly  plane 
surface  and  good  definition. 

We  proceed  to  consider  the  interfer- 
ence phenomena  exhibited  by  the  thin 
layers  of  this  material.  When  a  thin 
film  is  placed  in  front  of  the  slit  of  a 
spectrometer,  the  positions  and  the 
spacing  of  the  resulting  interference 
bands  in  the  spectrum  afford  a  means 
of  finding  the  dispersion  of  the  mate- 
rial of  the  film.  For  a  dark  band  at 
Xi  the  following  relations  must  hold: 
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Curve  A :  nx  tor  niolybdenite. 
Curve  B:  nx  for  stibiiite. 
Curve  C:  nx  for^spbalerite. 


ramilarly  for  a  dark  band  at  Xi 

2»M  -  (Nt  +  J)X„  (14) 

in  which  n  is  the  refractive  index,  N  a  certain  integer,  and  /  the  thickness 
of  the  film.  For  neighboring  bands,  that  is,  for  two  values  of  X  close 
t<%ether,  we  assume  that  dispersion  is  not  an  important  factor,  and 
consider  that  the  bands  occur  simply  on  account  of  the  varying  relation 
between  X  and  2nt;  we  may  then  take  ni  =  ni  »  n  and  easily  derive  the 
following  formula  from  (13)  and  {14)  by  subtraction: 


N  =  2nt 


(i-i)- 


(■5) 


in  which  N  ^  Ni  —  Nt,  the  change  in  Ni  in  passing  from  Xi  to  Xj,  jmd 

is  equal  to  the  number  of  bands  between  Xi  and  Xj.     This  may  be  written 

JVXiXj 


2t{\t  -  X,)* 


(16) 
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The  formula  is  only  approximate  on  account  of  the  real  variation  of  n 
with  X,  but  it  will  be  seen  that  if  n  varies  slowly  it  should  hold  over  short 
ranges;  moreover,  if  m  should  vary  rajudly  and  increase  as  X  decreases 
the  bands  will  naturally  come  close  together,  so  that  we  might  even  use 
it  in  this  case,  if  we  take  Only  one  or  two  bands  as  an  interval. 

We  give  the  following  data  on  the  position  of  interference  minima  for 
films  of  various  thicknesses.  The  infra-red  observations  are  from  Curve 
A,  Fig,  7,  and  Curve  A,  Fig.  6.  The  observations  in  the  visible  region 
were  made  with  the  aid  of  a  Hilger  wave-length  spectrometer  and  are 
means  of  several  settings.  The  bands  should  of  course  be  regularly 
spaced  from  the  visible  on  into  the  infra-red  region;  since  however  the 
width  of  the  bolometer  strip  was  such  that  in  the  region  from  2~$n  it 
covered  an  extent  of  about  0.51*  in  the  spectrum,  the  bands  are  so  closely 
spaced  that  they  cannot  be  resolved. 


R*a*etloD. 

(I)  *.'l^ 

(»)  M^ 

0.7141m 

0.7001 «. 

0.7208 

0.7101 

0.7286 

0.7228 

0.7361 

0.7379 

0.7453 

0.7557 

0.7555 

0.7751 

0.7658 

0.7759 

3.45 

4.75 

3.95 

5.18 

4.45 

5.75 

5.40 

6.4S 

6.45 

7.38 

7.65 

9.80 

Applying  the  formula  successively  to  the  visible  readings  in  set  (i) 
taking  two  fringes  as  the  interval,  and  to  set  (2),  taking  i  fringe  at  a  time, 
and  taking  for  X  the  mean  of  Xi  and  Xt,  we  compute  the  following: 


0.7050 
0.7164 
0.7208 
0.7286 
0.7304 
0.7361 


a  Sit  (1). 

-»..(.). 

X 

.SM(I). 

»8«(i). 

11.3 

0.7453 

6.84 

9.17 

0.7468 

7.12 

8.54 

0.7555 

6.63 

8.25 

0.7654 

6.87 

8.02 

0.7658 

6.85 

7.74 
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Assuming  that  n  is  practically  constant  between  X  =  $.511  and  10^,  as 
reflection  and  transmission  curves  are  horizontal  here,  and  calculating 
a  mean  value  of  n,  using  the  first  and  last  only  of  the  infra-red  observa- 
tions, we  have 

From  set  (i),  n  -  4.2 

From  set  (3),  n  =  4.04 
Mean 4.1 

In  order  to  utilize  the  single  readings  we  observe  that  the  difference  in 
optical  length  of  path  which  gives  rise  to  the  interference  is  for  the  trans- 
mission piece  (i)  2nl  or  about  34.4m  and  for  the  reflection  piece  54.3m- 
For  transmission  the  path  diflference  should  be  equal  to  an  odd  number  of 
half  wave-lengths,  and  for  reflection,  an  even  number  (taking  into  account 
the  phase  change  of  X/2  of  the  directly  reflected  ray)  in  order  to  produce 
a  minimum.  By  trial  the  following  numbers  are  found  to  satisfy  this 
condition  approximately,  and  on  assuming  that  they  do  exactly,  the 
retardation  2ttt  can  be  calculated  for  a  given  value  of  X  and  hence  a  value 
of  Hx  found,  2t  being  known. 


8M  (R)  R*Bf  etlBO. 

X 

NomlHr,  /f. 

M-tHt. 

.■.«. 

X 

NnmtMt,  //. 

iV*-j-(. 

■■■- 

3.45 

9.5 

32.8 

3.9 

4.75 

11 

52.3 

3.98 

3.95 

8.5 

33.5 

4.0 

5.18 

10 

51.8 

3.95 

4.45 

7.5 

33.4 

4.0 

5.75 

9 

51.8 

3.95 

5.40 

6.5 

35.1 

4.3 

6.45 

8 

51.6 

3.93 

6.45 

5.5 

3S.4 

4.2 

7.38 

7 

51.6 

3.93 

7.«S 

4.5 

34.4 

4.1 

9M    . 

3.5 

34.3 

4.1 

We  now  have  approximate  values  for  «  over  a  short  range  of  the  visible 
and  a  considerable  region  of  the  infra-red.  The  dispersion  is  given  in 
Fig.  9,  Curve  A ;  a  lai^er  scale  is  used  for  the  values  in  the  visible  region. 
In  drawii^  the  curve  more  weight  is  given  to  the  values  from  set  {3)  on 
account  of  the  very  accurate  spacing  of  the  interference  bands  in  the 
reflection-specimen.  The  transmission  specimen  is  undoubtedly  of 
slightly  varying  thickness,  which  accounts  for  the  relatively  poor  de- 
termination of  the  interference  bands  observed.  By  weighing,  of  course, 
only  a  mean  thickness  is  determined.  With  regard  to  the  accuracy  of 
the  method,  it  should  give  good  results  under  favorable  conditions:  that 
is,  with  a  perfect  Fabry  and  Perot  interferometer  in  front  of  the  infinitely 
narrow  slit  of  a  perfect  spectrometer.  At  any  rate,  allowing  for  the 
unevenness  of  films,  wide  slits,  etc.,  which  are  unavoidable  with  these 
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spedmens,  the  values  of  n  should  be  correct  within  5  or  10  per  cent. 
From  the  reflection  curve,  taking  the  limiting  value  of  41  per  cent, 
reflected  light,  and  using  formula  (10),  we  compute  »  =  4.5  which  is  not 
far  from  the  value  obtained  by  means  of  the  interference  observations. 
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\ 
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Curve  X;DIaperaIa[ 
Curve  B:  Dispenloii 
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Fis.  9. 
>f  molybdenite  at  ordinary  temperature. 
It  tempeiature  of  liquid  air. 


The  relation  n*x  =  oT  may  be  tested  for  this  substance.    Calculating 
f  =  n*x/r  for  several  values  of  X  for  which  we  have  n,  we  find : 


* 

. 

"X 

r-.'it/r 

0.80  ,i 

3.0 
4.0 
5.0 
6.0 
7.0 

6.00 

4.03 
4.0 
3.98 
3.94 
3.90 

3.9  X 10-* 

6.1     10-* 
7.S     10-* 
8.4     10-* 
9.7     10-* 
tl.O    10-* 

8.60X10" 

2.45     10" 
2.25    10" 
2.00    10« 
1.91     10" 
1.85     10" 

A  conductivity  of  2  X  10"  electrostatic  units  is  equal  to  a  resistance  of 
4.5  ohms  per  c.c.  Prof.  A.  Trowbridge,  of  Princeton,  and  Prof.  G.  W. 
Pierce,  of  Harvard,  have  made  determinations  of  the  specific  resistance 
of  this  material  which  are,  respectively,  3  ohms  and  6  ohms  per  c.c.^ 
at  ordimuy  temperature  (ca,  17'  C). 
Through  the  courtesy  of  Professor  Trowbridge  the  writer  is  enabled  to 

'  Koenjgsberger  and  Reichenhelm  (op.  cit.)  give  for  the  reiiataace  of  molybdenite  3.06 
ohms  at  17°  C.  In  the  direction  of  the  C-axis  (the  direction  of  light  propagation  In  the  pment 
work).  They  alao  find  that  tlie  conductivity  increases  iBpidly  with  riling  temperatuie. 
Pierce's  data  for  the  reslBtaoce  of  a  molybdenite  rectifier  (Phvs.  Rbv.,  aS,  r^og.  p.  isi)  ex- 
hibit this  effect  in  a  very  Bttikios  manner. 
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communicate  the  following  details  regarding  the  optical  properties  of 
molybdenite  at  low  temperatures: 

A  piece  4  or  5^  thick  which  was  transparent  down  to  0.7020;!  became 
transparent  to  0.6660^  at  the  temperature  of  boiling  liquid  air  { — 190°  C.)-' 

A  piece  4.  i;*  in  thickness  was  kept  immersed  in  liquid  air  and  the  inter  - 
ference  bands  in  the  visible  region  found  with  the  aid  of  a  concave  grating 
to  lie  at  the  wave-lengths 


0,7430a 

0.7130 

0.6911 

0.67S0] 

0.7310 

0.70SJ 

0.6854 

0.6720 

0.7330 

0.6977 

0.679S 

The  writer  is  unable  to  find  data  on  the  coefficient  of  exfiansion  of  molyb- 
denite, but  neglecting  the  effect  of  expansion  on  the  thickness  of  the  film, 
we  compute,  usii^  formula  16,  taking  two  bands  at  a  time,  the  foUowii^ 
values  of  the  index: 


0.6757>i 

14.8 

0.6802 

10.85 

0.68S3 

9.S6 

0.691S 

9.48 

0.6981 

8.40 

0.7054 

1.92 

0.7136 

7.44 

0.712S 

6.70 

0.732S 

6.24 

This  disperaon  is  plotted  in  Fig.  9,  Curve  B.  The  refractive  index 
cannot  possibly  be  independent  of  the  temperature  unless  the  coefficient 
of  expansion  is  in  the  neighborhood  of  o.ooi,  which  would  be  very  high, 
say  from  3  to  5  times  as  great  as  that  of  metals.  The  general  facts  set 
forth  here  agree  very  well  with  what  Pulfrich  found  for  glasses — namely, 
as  the  temperature  fell,  the  ultra-violet  absorption  band  moved  toward 
the  ultra-violet  end  of  the  spectrum,  and  the  dispersion  was  decreased. 
Other  Sulphides. — ^Some  other  sulphides  were  ground  into  thin  plates 
and  tested  qualitatively  for  transparency  in  the  region  i^  <  X  <  6fi. 
It  was  difficult  to  produce  thin  layers  of  any  accuracy  and  polish,  but  as 
the  materials  seemed  to  be  opaque,  no  further  attention  was  given  them. 
The  results  are  given  in  this  table: 

Material.         Thlckaaaa  of  Layer. 
Covdiite.  CuS.  about  0.1  mm.  1 

Chalcodte.  CutS.       about  0.5  mm.  \  Opaque.  X  <  6^. 
Galeuite.  PbS,  about  0.5  mm.  ) 

Bismuthin[te,  B[iSt,  about  0.2  mm.     Opaque  in  visible.    Sample  too  small  for  infra-red  work4 

None  of  these  specimens  became  transparent  when  cooled  in  liquid  air. 

>  KoeoJgsberger  and  Relcbenhelm  established  the  fact  that  the  transmladon  of  total  radla- 
tioa  by  this  •ubstance  was  at  1 10'  only  61  per  cent,  of  the  value  at  40°.    With  regard  to  the 
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Koenigsberger  and  Reichenheim  offer  data  on  the  reflecting  power  and 
transmission  of  pyrite,  iron  sulphide,  and  marcassite.  They  could  not 
obtain  similar  films  of  galenite. 

Conclusion. 

While  we  have  given  approximate  values  for  the  refractive  indices  of 
stibnite  and  molybdenite,  it  is  greatly  to  be  desired  that  more  accurate 
measures  be  made  of  these  constants  in  the  infra-red  region.  It  is  [x^ssible 
that  very  acute  prisms  of  these  materials  could  be  filed  out,  and  used  in 
.  connection  with  a  small  spectrometer  of  short  focal  length.  A  prism  of 
I  or  2  mm.  base  would  probably  let  through  enough  energy  (where  the 
energy  spectrum  is  rich)  to  permit  measurements  by  the  method  of 
minimum  deviation. 

A  good  determination  of  the  electrical  constants — conductivity  and  di- 
electric constant  —  is  also  necessary  if  much  is  to  be  done  with  these 
minerals.' 

In  molybdenite  and  stibnite  we  have  two  substances  which  in  the  near 
infra-red  region  have  properties  very  much  like  those  of  ordinary  trans- 
parent bodies  in  the  visible — with  the  additional  features  of  high  re- 
fractive index  and  continued  trans[>arency  for  an  indefinite  distance  with 
increasing  wave-length.  A  two-term  dis[>ersion  formula  was  applied 
to  the  dispersion  curve  of  molybdenite,  with  the  result  that  no  solution 
for  an  absorption  band  in  the  distant  infra-red  could  be  obtained. 
Perhaps  a  method  will  be  found  for  measuring  the  refractive  index  of  the 
extraordinary  ray  in  molybdenite,  and  determining  the  three  refractive 
indices  of  stibnite.  These  results  would  be  of  great  interest  from  a  the- 
oretical point  of  view. 

A  film  of  molybdenite  a  few  microns  thick  offers  possibilities  with 
light  of  wave-length  about  20>i  for  an  investigation  of  the  optical  be- 
'havior  of  the  film  when  twice  its  thickness  is  optically  less  than  one 
wave-length. 

The  writer  is  under  obligation  to  Prof.  Augustus  Trowbridge  for  sug- 
gesting this  work,  and  for  help  and  criticism  throughout  its  pr<^;res8. 
Prof.  A.  H.  Phillips,  of  Princeton,  has  very  kindly  placed  at  the  disposal 
of  the  writer  his  knowledge  of  mineralogy  and  crystallography  and  fur- 
nished an  unusual  crystal  of  sphalerite  for  this  work. 
PauiIbb  Physical  Laboratory, 

PSTNCKTON    UnIVHHSITY. 

relation  between  conductivity  and  optical  properties,  it  is  well  known  that  many  o^ddes, 
BUiphides.  and  other  mineralB  wKich  are  poor  conductors  at  ordinary  temperatures  become 
much  more  conducting  when  heated.  For  quartz  and  some  other  oxides.  Doeiter  (op.  cit.) 
found  enormous  decreases  in  resistance  for  epeciniens  heated  to  1300'  C. 

>  Koenigsberger  and  Reichenheim  give  the  conductivity  of  molybdenite  (and  its  variation 
with  temperature)  in  both  crysCaltograpbic  directions.  They  al«o  give  the  conductivities 
ol  some  ik  the  other  sulphides,  but  not  of  sUbnite. 
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THE  FLOW  OF  AIR  THROUGH  CAPILLARY  TUBES. 

Bv  I.  M.  Rapp. 

S  I.  The  Problem. 

A  LARGE  amount  of  work  has  been  done  on  the  flow  of  gases  through 
capillary  tubes,  but  most  of  it,  especially  that  of  recent  years,  has 
been  done,  not  to  secure  an  absolute  value  of  the  coefficient  of  viscosity, 
but  rather  to  learn  the  law  of  temperature  variation,  the  relative  vis- 
cosities of  gases,  or  of  mixtures  of  gases,  or  finally,  to  find  the  point  of 
"breakdown"  of  Poiseuille's  law  when  the  gas  is  driven  through  the 
tubes  under  very  high  or  under  very  low  pressure.  With  few  exceptions, 
those  later  writers  who  have  made  absolute  determinations  of  the  viscosity 
coefficient  give  either  very  little  data,  or  e^se  such  a  wide  range  of  variation 
in  the  separate  trials,  that  it  would  be  impossible,  in  trying  to  determine 
a  probable  value  for  the  coefficient,  to  give,  to  each  observer,  a  value 
proportionate  to  the  accuracy  of  his  work. 

The  chief  difficulties  encountered  and  the  most  probable  causes  of  this 
great  variation  are  found  (i)  in  the  smallness  of  the  capillaries  used,  (2) 
in  the  irregularities  of  the  bore,  {3)  in  the  method  of  calibration  of  the 
tube,  (4)  in  the  use  of  too  large  a  driving  pressure  and  (5)  in  the  experi- 
mental difficulties  such  as  the  measurement  of  the  volume  and  pressures 
and  the  holding  of  the  latter  constant. 

Table  I.  gives  a  resume  of  the  best  absolute  determinations  of  the 
coefficient  of  viscosity  of  air  which  have  been  made  by  the  capillary  tube 
method.  Nearly  all  of  these  observers  have  used  tubes  varying  in  radius 
from  .05  mm.  to  .16  mm.,  while  only  one  used  a  tube  of  radius  greater 
than  .22  mm. 

A  small  radius  means  a  decrease  in  the  accuracy  of  its  determination 
and  since  it  enters  in  the  fourth  power  in  Poiseuille's  law  the  error  in 
the  final  result  is  increased  in  proportion.  The  development  of  the  law 
is  based  on  the  assumption  that  the  flow  is  in  a  tube  of  constant  radius. 
This  is  an  ideal  condition  which  is  seldom  even  approximated  in  tubes  of 
small  radius.  In  general,  the  bore  of  a  capillary  tube  is  conical,  with 
minor  variations  from  one  end  to  the  other.  The  solution  of  the  equa- 
tion for  flow  in  a  tube  of  varying  conical  Ex)re  has  been  neither  made  nor 
applied  experimentally. 

It  has  apparently  been  assumed  by  all  of  the  earlier  writers  and  by 
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some  of  the  later,  that  the  R  of  Poiseuille's  law  can  be  determined  from 
the  length  and  mass  of  a  column  of  mercury  which  will  fill  the  tube. 
This  assumption  is  erroneous.  /(  must  always  yield  too  high  values  of  if, 
since  it  assumes  that  the  resistance  offered  by  the  tube  to  the  flow  of  fluid 
through  it  is  inversely  proportional  to  the  cross-section  instead  <^  to  the 
square  of  the  cross-section. 

Table  I. 

Fraious  AbsaltUt  DtUmitiation  i^  n,  Reduttd  lo  IS"  C. 


Author. 

Rlbruo. 

SpTuV.^ 

^s:^. 

nxio' 

1 

Oindley     and 
Gibson 

Society,  Vol.    80,    p. 
114,  1908. 

3298  cm. 

.1585  cm. 

1,783 

2 

Schultze 

Annalen  der  Physik.  Vol, 
5,  p.  140,  1901. 

52.541 

.0075717 

1,811 

3 

Tanzler 

Ber.   d.    D.    Phy.   Ges., 

52.040 

.007564 

1,812 

Vol.  8,  p.  222,  1906. 

52.4074 

.00694717 

4 

Fisher 

Physical     Review,    Vol. 
28,  p.  73,  1909. 

49.6 

.00548 

1,785 

5 

RanldiK 

Proceedings  of  the  Royal 
Society,  Vol.    83,    p. 
275,  1909. 

49.06 

.010230 

1,799 

6 

Breitenbach 

Annalen  der  PhyBJk,  Vol. 

55.82 

.010661 

1,809 

67,  p.  803, 1899. 

95.43 

.01381 

1,804 

1 

Pjwnikiewicz 

Physikalische  Zeitschrilt, 
April.  1913. 

36.55 

.01772 

1,796 

8 

Von  Obennayer 

Sitz.  Ber,  d.  K.  Ak.  d. 

39.4 

.0138 

Wiss-.Vol.  73,  p.  433, 

50.2 

.0196 

1,751 

1876. 

36.0 

39.7 

.02241 
.01525 

9 

Schneebli 

Arc.   des   Sci.    Phys.  et 

39.95 

.01236 

Nat.  Gen?ve,  Vol.  14, 

85.06 

.01625 

1,871 

p.  197,  1885. 

43.61 

.01090 

10 

0.  E.  Meyer 

Die  Kinetische  Theorie 
der  Case,  p.  189. 

SO 

.0161 
.00595 

1,750 

150 

.00710 

1,820 

11 

Warburg 

Annalen  der  Physik,  Vol. 

74.9 

.015076 

1.840 

159,  p.  399,  1876. 

28.5 

.009056 

1,850 

12 

Puluj 

Sitz.  Ber.  d.  K.  Ak.  d. 
Wiss.,Vol.  69,  p.  287, 
1874. 

155.76 

.0197353 

1.863 

Of  the  results  shown  in  Table  I.,  that  of  Grindley  and  Gibson  is  open 
to  the  least  criticism.  The  remaining  observers  may  be  divided  into 
two  classes.  First,  No.  2  to  No.  5,  inclusive,  who  have  made  allowance 
for  the  irregularities  in  the  bore  of  the  tube,  and  second.  No.  6  to  No.  12, 
who  have  calibrated  their  tubes  from  the  mass  of  a  column  of  mercury 
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which  will  fill  it.  The  results  of  O.  E.  Meyer  show  no  consistency, 
while  those  of  Puluj  and  of  Warbui^  are  so  out  of  line  with  the  findings 
of  all  other  experimenters  as  to  be  unquestionably  in  error  by  several 
per  cent.;  probably  because  of  bends  in  the  capillary  and  inequalities 
in  the  bore.  The  difference  in  the  results  of  von  Obermayer  and  of 
Schneebli  is  due  to  the  one  making  allowance  for  the  vapor  pressure  of 
the  water  used  in  securing  the  driving  pressure  while  the  other  does  not. 
If  the  data  of  both  are  treated  the  same  way,  identical  values  are  given. 
The  experimental  work  of  Breitenbach  and  of  Ptwnikiewicz  seems  to 
have  been  done  very  carefully,  but  as  they  assume  a  uniform  bore  their 
results  cannot  be  accepted  as  accurate  absolute  determinations.  The 
variation  in  the  result  given  by  the  observers  in  the  first  group  is  not  due 
primarily,  as  is  shown  in  §  3,  to  the  theory  in  the  methods  of  calibra- 
tion, but  rather  to  the  experimental  diflliculties  in  calibrating  tubes  which 
are  of  the  order  of  .0075  cm.  radius  and  to  the  difficulties  of  maintaining 
the  experimental  conditions  constant.  In  addition  to  this,  the  method 
which  Rankine  used  to  secure  his  driving  pressure  introduces  errors  which 
cannot  be  corrected. 

The  stream  lines  within  the  capillary  are  parallel  to  the  wall  when  the 
driving  pressure  is  small,  but  in  the  vessels  at  the  ends  of  the  tube  they 
are  radial.  The  development  of  Poiseuille's  law  does  not  take  account 
of  the  energy  in  these  radial  lines.  This  suggests  that  there  is  a  fall  of 
pressure  within  the  vessel  at  the  ends  of  the  tube.  M.  Brillouin  and  W.  J- 
Fisher  have  independently  developed  expressions'  for  this  correction 
which  becomes  appreciable  in  a  tube  i  m.  long  and  .13  mm.  radius  when 
the  driving  pressure  is  greater  than  10  cm.  of  mercury.  Fisher  has 
applied  his  formula  to  his  own  data  and  finds  the  correction  to  be  negli- 
gible. In  Schultze's  and  Breitenbach's  data  the  correction  is  .1  per  cent. 
The  data  of  Grindley  and  Gibson  require  no  correction  as  they  measured 
the  pressures  at  points  within  the  tube  at  such  distances  from  the  ends 
that  the  stream  lines  were  parallel.  The  lengths  and  diameters  of  the 
tubes  and  the  driving  pressures  used  show  that  the  correction  should  be 
made  to  the  results  of  some  of  the  other  observers,  but  it  is  impossible 
to  do  so,  as  the  data  given  are  insufficient.  Brillouin's  correction  has 
not  been  applied  by  any  one. 

The  determinations  of  the  coefficient  of  viscosity  which  have  been 
made  by  other  methods  agree  more  closely  with  one  another  than  with 
those  secured  by  the  use  of  the  capillary  tube.  Further,  the  accuracy  of 
the  value  of  the  elementary  electric  charge,'  as  determined  by  the  method 
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developed  by  Professor  R.  A.  Millikan,  depends  on  the  absolute  value  of 
the  coefficient  of  viscosity.  Since  ia  that  method  ij  is  the  factor  whose 
value  is  most  in  doubt,  it  became  necessary  that  it  ^ould  be  redetermined 
with  the  greatest  accuracy  possible.  Hence  the  following  investigation 
was  undertaken  with  a  view  of  eliminating,  as  far  as  possible,  the  sources 
of  error  incidental  to  the  capillary  tube  method  and  of  seeing  whether  or 
not  it  is  capable  of  yielding  a  value  in  agreement  with  that  found  by 
other  methods.     The  distinct  features  of  the  research  are; 

1.  The  selection  of  very  uniform  tubes. 

2.  The  use  of  a  considerable   number  of  tubes  of  quite  different 
dimensions. 

3.  The  accurate  calibration  of  these  tubes. 

4.  The  use  of  small  but  constant  and  accurately  measurable  driving 
pressures. 

5.  The  experimental  study  of  the  end  correction. 

5  2.  Selection  of  Tubes. 
The  tubes  used,  which  were  made  of  Jena  glass,  were  selected  for  their 
circularity  of  cross-section  and  uniformity  of  bore  so  that  the  first  two 
probable  sources  of  error  mentioned  above  might  be  made  as  small  as 
possible.  Those  whose  cross-section  showed  elliptidty  when  viewed 
under  a  twenty-power  microscope  were  immediately  cast  aside  and  none 
were  accepted  unless  the  axes  were  shown  by  micrometer  measurements 
to  be  approximately  the  same.  The  tubes  which  were  broken  in  a  later 
part  of  the  research  showed  the  same  circular  cross-section.  The  uni- 
formity of  bore  was  tested  and  only  those  tubes  which  showed  neither 
sharp  and  abrupt  chaises  nor  large  variations  in  their  diameter  were 
finally  chosen.  The  tubes  were  cleaned  by  forcing  through  them  solutions 
of  potassium  bichromate  in  sulphuric  add,  potassium  hydroxide,  nitric 
add  and  distilled  water.  During  the  process  of  deaning  they  were 
kept  at  the  temperature  of  steam  by  surrounding  them  with  a  jacket 
through  which  a  current  of  steam  was  continually  passing.  One  end  of 
the  tube  was  immersed  in  the  deansing  liquid  while  the  other  extended 
into  a  flask  which  could  be  exhausted  by  means  of  an  air  pump.  After 
the  nitric  add  had  been  washed  out  with  the  distilled  water,  absolute 
alcohol  and  dry  air  were  driven  through  in  order  to  remove  the  moisture. 
The  bore  was  carefully  examined  for  partides  of  dirt  and  the  process  of 
deansing  repeated  until  the  tube  was  dear.  As  a  further  check  it  was 
redeaned  after  a  number  of  viscosity  determinations  had  been  made. 
The  fact  that  the  same  results  were  secured  after  redeaning  was  taken 
as  proof  that  the  tube  was  dean. 
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§  3.  Calibration  of  Tubes. 
There  are  three  methods  by  which  the  R  of  Poiseuille's  law  may  be 
determined.  The  first  is  by  the  simple  method  of  measuring  the  length 
and  mass  of  a  column  of  mercury  which  will  fill  the  tube.  The  second 
was  developed  by  Schuitze^  and  consists  experimentally  in  finding  the 
value  of  L/R*  from  the  volume  and  length  of  a  short  column  of  mercury 
at  positions  every  two  centimeters  along  the  tube.  The  calibrating 
factor  is  computed  from  the  equations: 

l-ti-Stv,  (0 

and 

TT 

(2) 


in  which  X,  r  and  v  are  respectively  the  length,  radius  and  volume  of  the 
calibrating  thread,  I  is  the  length  of  a  portion  of  the  tube  over  which 
the  radius  is  assumed  to  be  constant  and  U  is  the  entire  volume  of  the' 
tube  between  the  points  h  and  k-  The  third  method  was  proposed  by 
Fisher*  and  experimentally  is  identical  with  Schultze's.  But  his  develop- 
ment is  different,  as  he  assumes  that  the  radius  is  constant  over  an 
infinitesimal  lei^th,  dl,  of  the  tube  and  that  the  square  of  the  fall  in 
pressure  over  this  length  is  dp^.    From  these  considerations  he  shows  that 


^^X-U'x]' 


(3) 


The  values  of  the  integrals  are  computed  from  the  areas  of  the  two  curves 
formed  by  plotting  X'  and  i/X  with  I.  Although  developed  by  different 
methods,  the  two  calibration  equations  are  theoretically  identical  if  we 
assume  that  the  radius  is  constant  over  the  same  length  of  tube.  In 
equations  (i)  and  (2)  {  thus  becomes  dl  and  the  summations  become 
integrals.  The  combination  of  equations  (i)  and  (3)  is  then  identical 
with  equation  (3). 

The  tubes  used  in  the  absolute  determination  of  the  coefficient  of 
viscosity  were  calibrated  by  Fisher's  method.  A  check  on  the  accuracy 
on  his  formula  for  the  determination  of  the  volume  of  the  calibrating 
thread  was  had  in  the  calibration  of  tube  No.  4,  by  comparing  the  volume 
of  the  thread,  obtained  from  its  mass  and  density,  with  that  computed 
by  the  formula 


■  Scfaultzc.  AmiBten  der  Phy^,  Vol.  5.  p.  140.  igoi. 
*  Fisher,  Prts.  Rev..  VoL  iS,  p.  73.  1909. 
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A  difference  of  .2  per  cent,  between  the  two  values  was  found.  As  this 
was  less  thein  the  estimated  error  in  the  weight,  Fisher's  formula  was 
considered  to  give  the  true  value  of  v. 

Table  II.  ' 

The  Radii  of  Ihi  Tubes  Computed  by  the  Diftrent  Mtthods  if  ColibraiioH. 


Tab.  No. 

c5'™"»'o'!&V 

By  Schnttn'*  CaU. 
bratlOD. 

Br  rubtr', 
(^libntloD. 

"SkP 

1 

.02335«  cm. 

.023352  cm. 

+0.01 

2 

.0129286 

.0129214 

+0.23 

3 

.0057800 

.0057586  cm. 

.0057581 

+1.5 

4a 

.0251106 

.025012 

.025012 

+1.7 

4e 

.0251106 

.0251110 

-0.01 

5 

.017119 

.017114 

+0.1 

6 

.0056551 

.0056419 

+1.0 

In  Table  II.  are  given  the  values  of  the  radii  computed  by  the  different 
methods.  Only  two  tubes  were  calibrated  by  Schultze's  formula.  Both 
results  were  identical  with  those  given  by  Fisher's  method.  If  column 
No.  2  is  compared  with  column  No.  4,  it  is  seen  that  the  calibration  by  the 
use  of  the  mass  of  the  total  column  of  mercury  yields  in  every  case  too 
high  a  value  of  R  and  hence  too  high  a  value  of  ij,  as 
it  should  in  view  of  the  theoretical  considerations 
mentioned  above.  The  last  column  shows  how  much 
too  high  even  with  the  use  of  these  very  uniform 
tubes  the  value  of  t]  would  have  been  if  this  method 
of  calibration  had  been  used. 

Both  Schultze  and  Fisher  in  their  methods  of  cali- 
.  bration  consider  that  X  is  obtained  by  adding  one  half 
the  height  of  the  meniscus  to  the  apparent  length  of  the 
mercury  thread.  This  is  true  if  the  radius  of  the 
tube  is  small  and  consequently  the  height  of  the  me- 
niscus small,  but  will  not  be  true  if  the  tube  is  lai^. 

The  method  of  allowing  for  the  meniscus  in  the  larger  tubes  which 
were  calibrated  for  this  problem  was  as  follows: 
In  Fig.  I,  let  r  be  the  radius  of  the  tube, 

a  be  the  radius  of  the  spherical  segment, 
k  be  the  height  of  the  meniscus, 


Fig.  1. 
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A  be  the  area  of  cross-aection  of  the  tube, 

V  be  the  volume  of  the  segment, 
K  be  the  angle  of  contact  between  glass  and  mercury, 
K  =  141'  8'. 
From  the  figure 

b  ~  a  —  k  =  a  cos  51°  8', 

r  =  osinsi'S', 
^  -xH  =  TO*  sin  51°  8', 

a^h  +  b^h  +  a  cos  51°  8', 
_  h 

""  I  -cos  51°  8" 

The  mean  height  of  the  meniscus,  V/A,  then  becomes,  when  the  sub- 
stitutions are  made,  0.53  h.  A  variation  of  several  degrees  in  the  angle 
of  contact  does  not  change  the  result  more  than  one  per  cent.,  a  variation 
which  is  negligible  and  which  would  allow  for  the  assumption  in  the 
figure  that  the  wall  of  the  tube  is  parallel  to  its  axis.  The  thread  of 
mercury  may  be  considered  to  be  the  frustum  of  a  right  circular  cone 
capped  by  portions  of  spheres  as  described  above. 

If  r  is  the  radius  at  the  middle  point,  Ar  the  difference  between  r 
and  the  radii  of  the  ends,  v  the  total  volume  of  the  thread  and  Xi  the 
length  of  the  thread  between  the  menisci, 

i»  =  TX.(r*  +  Y)-|-(K,  +  Vt). 

Let  X  be  the  length  of  a  right  circular  cylinder  of  radius  r  and  volume  v. 

V  -  Tr»X  =  A\. 
The  solution  of  these  two  equations  gives 

Ar^l^r*  is  an  exceedingly  small  fraction. 

A  difference  of  not  less  than  6  per  cent,  in  the  radii  of  the  bases  of 
the  frustum  is  necessary  to  cause  a  change  in  X  which  can  be  determined 
by  the  dividing  engine.  Since  the  actual  variation  in  the  tubes  did  not 
even  approach  this  value,  the  thread  of  mercury  can  be  considered  as  a 
cylinder  and  the  radius  of  the  tube,  over  this  length,  a  constant.  The 
expression  ( Vi  +  Vi)/A  then  becomes  0.53  (Ai  +  Aj)  and 
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X  =  Xi  +  .53  (Ai  +  *»)■ 


rSacoMV 


With  the  tubes  of  smaller  radius,  where  A  is  small  compared  to  X  no 
appreciable  error  is  made  in  taking  X  =  Xi  +  H(Ai  +  Aj). 

The  theoretical  value  of  V/A  as  determined  above  only  approximates 
the  true  value  of  k.  An  exact  mathematical  expression  cannot  be 
obtained,  as  A  is  not  the  simple  function  of  K  which  has  been  assumed. 
It  was  noticed  in  calibrating  all  of  the  tubes,  that,  in  general,  the  forward 
meniscus  was  larger  than  the  rear  one.  This  seemed  to  be  independent 
of  the  direction  in  which  the  mercury  was  moved  past  a  given  point  and 
therefore  was  caused  by  friction  between  the  wall  of  the  tube  and  the 
mercury. 

The  calibration  measurements  were  made  on  a  Soci^t^  Genevoi§e 
dividing  engine.  A  comparison  of  the  screw  with  the  standard  decimeter 
scale  at  the  Ryerson  Physical  Laboratory  showed  only  deviations  which 
were  well  within  the  limits  of  experimental  error. 

A  column,  about  1.5  cm.  long,  of  triple  distilled  mercury,  which  showed 
no  surface  impurities,  was  used  as  the  calibrating  thread.  The  mercury 
was  pushed  from  one  end  of  the  tube  to  the  other,  care  being  taken  to 
see  that  each  new  position  slightly  overlapped  a  part  of  the  previously 
measured  portion.  This  insured  that  all  of  the  tube  was  covered  in 
the  calibration.  The  column  was  then  forced  back  and  forth  a  second 
and  third  time  and  its  length  measured  in  positions  at  such  distances 
apart  that  finally  every  portion  of  the  tube  was  covered  a  second  time. 

All  weighings  were  made  on  a  chemical  balance  with  the  use  of  a  set 
of  Sartorius  double  check  weights  accurate  to  .01  mg.  The  ordinary 
precautions  for  accurate  weighing,  as  double  weighing,  reduction  to 
weight  in  vacuo,  etc.,  were  observed.  It  was  estimated  that  the  error 
made  in  weighing  the  mercury  column  for  tube  No.  2,  the  smallest  tube, 
was  not  more  than  .1  mg.  This  is  an  accuracy  of  i  part  in  7,000  and 
affects  the  value  of  if  only  .03  per  cent.  The  errors  made  in  the  weights 
of  the  mercury  column  for  the  other  tubes  were  of  the  same  order. 

§  4.  The  Method. 
The  simple  form  of  Poiseuille's  law  is: 

^ "        i6VLpt 

If  we  substitute  in  this  equation  the  value  of  R^/L  obtained  from  (3) 
and  then,  for  brevity,  use  the  single  letter  K  to  denote 


I  by  Google 


THE  FLOW  OF  AIR   TBROUGB  CAPILLARY   TUBES. 


IPpg 


^^!>{f^x 


(4) 


p  being  the  density  of  mercury  at  o°  C.  and  g  tile  acceleration  of  gravity, 
it  tlecomes 

" St  ■ 


(5) 


K,  defined  by  equation  (4),  18  a  constant  whose  value  depends  on  the 
dimensions  of  the  capillary  used.  The  values  of  this  constant  for  each 
tube  are  given  in  the  last  column  of  Table  III.  The  calibration  of  the 
tubes  was  made  at  temperatures  between  23°  C.  and  24"  C.  and  reduced 
to  26°  C.  by  the  formulae'  used  by  Fisher  in  the  calibration  of  his  tubes. 

Table  III. 

Tkt  Dimetaioiu  cf  Iht  Tubes  andOie  Valuts  of  Log  K. 


Tab*  No. 

Lcncth  In  Cm. 

DUmturlaCn. 

l^/c. 

1 

99.6062 

.0*670* 

3.B92782 

2 

99.5837 

.025843 

7.865840 

4a 

87.4652 

.050024 

5.069050 

4i 

77.2469 

.050086 

5.124663 

4c 

67.1552 

.050156 

S.  187887 

id 

56.9004 

.050225 

3.262221 

4e 

51.9656 

.050222 

5.301507 

5 

76.3662 

.034228 

S.468550 

Equation  (5)  wlien  corrected  for  slip  becomes 


(6) 


The  coefficient  of  slip,  (,  used,  is  .000083  cm.  at  a  pressure  of  76  cm. 
This  is  the  result  obtained  by  Millikan  in  his  work  on  the  elementary 
electric  charge  and  is  close  to  that  obtained  by  Warburg*  by  the  flow  of 
air  through  capillary  tubes. 

If  in  equation  (6),  Pi  is  the  barometric  pressure  and  pi  and  pt  are  large 
in  comparison  to  their  difference,  the  accuracy  of  the  experiment  depends 
mostly  on  the  measurement  of  (^i  —  pt).  The  apparatus  was  planned 
to  secure  accuracy  in  the  volume  of  air  transpired  and  both  constancy 
and  accuracy  ih  the  driving  pressure.  Transformer  oil,  in  preference 
to  mercury,  was  used  in  the  manometer  and  in  the  apparatus  to  secure 

■  Fisher,  Pmrs.  Rbv.,  Vol.  3S,  p.  73, 1909. 

>  Warbnrg,  Pogg.  Amial«n  d«r  Phytik.,  Vol.  159.  p.  399.  1876. 
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the  difference  in  pressure,  because,  it  being  less  dense,  lower  driving 
pressures  could  be  read  more  accurately  and  the  manometer  variations 
were  made  more  noticeable  and  were  more  easily  controlled.  Obermayer 
and  Schneebli  used  water  to  secure  their  pressure  difference.  Their 
results  show  that  evaporation  introduced  an  error.  The  transformer  oil 
having  an  inappreciable  vapor  tension  eliminated  it. 

The  air  used  in  the  experiment  was  taken  from  the  pressure  system 
in  the  laboratory  and  made  dust -free  and  dry  by  passing  it  in  succession 
through  sulphuric  acid,  calcium  chloride,  phosphorous  pentoxide  and 
glass  wool.  Atmospheric  pressure  at  the  inlet  end  of  the  capillary  was 
secured  by  the  trap  A  (see  Fig.  2).    This  was  arranged  so  that  the  air 


Fig.  2. 


which  entered  from  the  drying  system  could  pass  either,  into  the  coil  C 
or  escape  into  the  atmosphere  through  a  carboy  B.  A  layer  of  phos- 
phorous pentoxide  was  placed  in  the  latter  to  provide  against  the  diffusion 
of  moisture  from  B  into  ^4.     The  pressure  in  the  trap  thus  automatically 
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adjusted  itself  to  that  of  the  atmosphere.  The  coll  C,  used  to  insure  a 
constant  temperature  of  the  air,  was  placed  between  the  trap  and  the 
capillary  D.  The  tubing  used  in  the  trap  and  in  the  coil  C  was  of  such 
size  that  actual  tests  showed  no  fall  of  pressure  along  it.  From  the 
capillary,  the  air  passed  through  the  stopcock,  E,  into  the  apparatus  for 
securing  the  reduction  of  pressure  and  the  measurement  of  the  volume 
of  air  transpired.  The  coii  C,  the  capillary  D,  and  the  apparatus  F 
for  measuring  volume  were  submei^ed  in  a  tank  of  water  G.  A  series 
of  incandescent  lamps  submerged  in  the  water  and  lighted  automatically 
by  means  of  a  mercury  thermostat,  kept  the  temperature  at  26°  C.  with 
a  possible  error  of  .02°  C.  and  with  a  variation,  during  the  taking  of  a 
set  of  readings,  of  not  more  than  .003°  C.  The  temperature  was  measured 
on  a  Baudin  thermometer  of  which  the  tables  for  reduction  to  the  tem- 
perature on  the  hydrogen  thermometer  were  known.  A  Beckmann 
thermometer,  graduated  in  .01°  C,  was  used  to  determine  the  constancy 
of  the  bath  and  was  compared  with  the  Baudin  thermometer  at  frequent 
intervals. 

The  driving  pressure  was  obtained  by  means  of  a  tube  H,  which  led 
from  the  bottom  of  the  reservoir  F,  and  whose  lower  end  extended  into 
a  bucket  K,  which  was  suspended  from  a  micrometer  L.  When  the  three 
were  filled  with  the  oil,  the  air  in  F  was  under  a  pressure  lower  than 
atmospheric  pressure  by  the  weight  of  a  column  of  oil  whose  height  is 
the  distance  MN  between  the  surfaces  in  the  reservoir  and  in  the  bucket. 
This  height,  which  is  the  driving  pressure,  was  not  measured  directly 
but  by  means  of  the  manometer  0.  As  the  capillary  admitted  air  to  the 
reservoir  the  pressure  in  it  was  kept  constant  by  lowering  the  bucket 
with  the  micrometer  at  such  a  rate  that  the  upper  surface  of  the  liquid 
in  the  manometer  was  kept  stationary.  The  motion  of  the  image  of  a 
lamp,  seen  in  the  meniscus,  when  viewed  through  a  twenty-power  tele- 
scope, made  it  easy  to  control  the  variation  in  pressure.  The  error  in 
maintaining  the  manometer  height  constant  was  absolutely  negligible, 
as  the  variation  in  position  of  the  spot  of  light  was  not  more  than  .5 
mm.  from  the  cross-hairs  in  the  telescope.  A  variation  of  .5  mm.  in 
TOO  cm.,  the  lowest  approximate  manometer  reading  used,  shows  the 
accuracy  with  which  the  driving  pressure  was  kept  constant. 

The  manometer  and  outlet  tubes  were  exposed  to  the  room,  which 
could  not  be  kept  at  a  constant  temperature.  This  caused  changes  in 
the  driving  pressure  and  in  the  mass  of  oil  in  the  outlet  tube  and  bucket. 
The  temperature  of  the  manometer  was  taken  as  the  mean  of  the  readings 
of  two  or  more  thermometers  suspended  at  different  points  beside  it.  An 
error  of  1°  C.  in  the  temperature  of  the  manometer  would  cause  an  error 
in  the  result  of  nearly  .1  per  cent.  ^ 
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When  air  enters  the  reservoir  through  the  capillary,  oil  is  displaced. 
The  volume  which  flows  out  of  the  bucket  in  a  given  time  is  determined 
from  the  mass  and  density.  This,  when  the  few  slight  corrections  which 
follow  are  made,  is  the  volume  of  air,  V,  which  has  passed  through  the 
capillary  during  the  measured  time. 

A  change  in  the  barometric  pressure  during  a  test  causes  a  change  in 
the  initial  volume  of  air  in  the  reservoir.  To  make  this  correction,  the 
approximate  volume  and  the  pressure  both  at  the  beginning  and  at  the 
end  were  determined.    The  application  of  Boyle's  law  gave  the  correction. 

The  error  caused  by  the  change  in  temperature  in  the  outlet  tube  and 
bucket  was  estimated  from  the  temperatures  and  volumes  of  the  oil  in 
the  bucket  and  outlet  tube  at  the  beginning  and  at  the  end  of  the  observa- 
tion. The  correction  for  temperature,  in  a  few  trials,  reached  .5  per 
cent.,  but  was  seldom  more  than  .2  per  cent. 

During  the  time  of  observation,  the  bucket  K  was  lowered.  Since 
the  outlet  tube  extended  beneath  the  surface  of  the  oil,  a  volume  of  oil 
was  added  equal  to  a  cylinder  whose  cross-section  is  that  of  the  tube  and 
whose  length  is  the  distance  the  bucket  was  moved.  Finally  a  correction 
due  to  the  vaporization  of  the  oil  and  to  leakage  was  necessary  in  the  case 
of  tube  No.  2  when  the  driving  pressure  was  greater  than  24  cm.  of 
mercury.  Frequent  tests  at  other  pressures  and  with  other  tubes  showed 
that  a  correction  was  unnecessary. 

Weighings  of  the  oil,  in  the  determination  of  the  volume  of  air,  were 
made  to  the  .1  g.  A  set  of  accurate  analytical  weights  was  used  and  the 
correction  made  for  weight  in  vacuo.  The  accuracy  of  the  balance  was 
such  that  double  weighing  was  unnecessary. 

A  comparison  of  equation  (6)  with  the  description  of  the  ap[>aratus 
shows  that  the  measurement  of  (pi  —  pt),  pi  and  V  depend  on  the 
density  of  the  treinsformer  oil  used.  Thus,  since  it  enters  directly  in 
the  determination  of  two  of  the  quantities  and  indirectly  into  the  third, 
the  density  of  the  oil  is  actually  a  factor  in  the  equation  as  if  it  were  raised 
to  approximately  the  five-halves  power.  This  necessitated  an  accurate 
determination  of  its  density.  At  least  two  different  samples  of  each  lot 
of  the  oil  used  were  tested  at  several  temperatures  between  12°  C.  and 
26°  C.  The  line  drawn  through  the  mean  position  of  all  of  the  determina- 
tions on  a  given  lot  of  oil  showed  a  maximum  variation  of  the  points  from 
the  line  of  3  parts  in  8,400.  This  would  make  a  probable  error  in  the 
value  of  r}  of  less  than  ,1  per  cent. 

The  times  were  measured  by  a  stop-watch  which  was  compared  at 
frequent  intervals  with  the  standard  clock  in  the  Ryerson  Laboratory. 
These  comparisons  showed  that  the  personal  error  of  manipulation  was 
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not  more  than  4  sec.  on  any  one  reading.  Errors  of  adjustment  were 
allowed  for  and  fimJly  when  the  watch  was  more  carefully  adjusted  they 
were  negligible.  Just  before  the  taking  of  a  set  of  readings  it  was  wound 
and  during  the  observation  of  time  was  kept  in  a  horizontal  position. 

The  atmospheric  pressure  was  read  on  a  Fortin  barometer  having  a 
vernier  reading  to  the  thousandths  of  a  centimeter.  A  comparison  with 
the  standard  barometer  at  the  U.  S.  Weather  Bureau  at  Chicago  was 
made  when  work  on  the  problem  was  begun.  The  slight  difference  in  the 
readings  was  allowed  for  in  the  data. 

%  5.  The  Correction  for  the  Fall  of  Pressure  at  the  Ends  of 

THE  Tube. 

Osborne  Reynolds*  has  made  a  study  of  the  How  of  water  through 

capillary  tubes  and  finds  that  Poiseuille's  law  breaks  down  and  the  flow 

becomes  turbulent  when 


p  is  the  density  and  U^  the  mean  velocity  of  the  liquid  in  the  tube. 
W.  Ruckes*  has  found  that  this  law  is  applicable  to  the  flow  of  air  through 
capillary  tubes  of  various  lengths  and  diameters.  It  will  appear  from 
the  results  which  follow  that,  in  my  data,  there  are  appreciable  departures 
from  Poiseuille's  law.  If,  then,  Reynolds'  law  holds,  the  velocity  of  the 
air  in  those  tubes  should  be  above  the  critical  velocity.  The  actual  value 
of  the  velocity  of  the  gas  in  tube  4c,  at  the  greatest  driving  pressure  used, 
was  1,100  cm.  per  second,  while  the  critical  velocity,  or  the  velocity  at 
which,  computed  by  Reynolds'  law,  turbulent  motion  sets  in  and  Poi- 
seuille's law  breaks  down,  should  be  6,800  cm.,  that  is,  six  times  as  large. 
This  does  not  prove  that,  when  applied  to  gases,  Reynolds'  law  is  in 
error  as  to  the  point  when  turbulent  motion  sets  in,  but  rather  it  demon- 
strates that  there  are  departures  from  Poiseuille's  law  which  take  place 
before  turbulent  motion  begins.  These  departures  are  due  to  the  energy 
in  the  stream  lines  at  the  ends  of  the  tubes. 

A  modification  of  Poiseuille's  law,  which  corrects  for  these  end  effects 
has  been  developed  by  M.  Brillouin.*  He  considers  that  the  flow  from 
the  one  vessel  to  the  other  causes  a  fall  in  pressure  along  the  stream  lines 
which  are  outside  of  the  tube.  Some  kinetic  energy  is  therefore  acquired 
by  the  moving  fluid  and  some  work  is  done  which  is  not  taken  into  account 
in  the  ordinary  development  of  the  law.     In  applying  this  idea  to  a  gas, 

'  Osborne  Reynolds,  Scientific  Papas,  Vol.  II.,  pp.  51  and  535. 

•  Ruclces,  Annalen  der  Physllc.  Vol.  IS.  p.  983,  1908, 

■  BriUouln,  LecoDs  aur  la  VlKodti  de«  Liquides  et  dee  Gas,  VoL  i,  p.  133;  VoL  2,  p.  37. 
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he  states  that  "This  kinetic  energy  is  that  of  the  emergent  jet."     From 
this  assumption  a  modified  form  of  Poiseuille's  taw  is  shown  to  be 

i6tiLM  2. 


-H'^i) 


M  is  the  mass  of  gas  transpired  per  unit  of  time  and  p,  the  density  at  the 
pressure  H(:?i  +  P*)-  The  other  letters  have  the  same  significance  as 
elsewhere  in  this  paper.  This  formula  shows  that  the  correction  due 
to  the  drop  in  pressure  bears  the  same  ratio  to  the  coefficient  of  viscosity 
as  M  bears  to  SinjL. 

Fisher  has  criticized'  this  in  the  following  words:  "The  velocity  of  the 
emei^ent  jet  is  not  due  wholly,  as  for  a  liquid,  to  the  initial  pressure; 
a  good  share  of  it  is  due  to  work  done  inside  the  tube  itself,  especially 
if  the  expansion  is  isothermal  and  heat  energy  has  been  supplied  all 
along  the  tube  to  keep  up  the  temperature."  Reasoning  from  this  and 
from  O.  E.  Meyers'  integration  of  the  equations  of  flow  of  gases  through 
capillary  tubes  he  develops*  the  following  formula  for  the  correction  to 
the  entrance  pressure: 

R'  is  the  constant  of  the  gas  equation,  T,  the  temperature  of  the  gas  on 
the  absolute  scale,  Pi  the  pressure  to  be  used  in  Poiseuille's  law  and  P\' 
the  manometer  pressure  measured  in  the  vessel  at  the  end  of  the  tube. 
A  similar  formula  with  the  subscripts  2  gives  the  correction  to  the  exit  end. 
My  own  observations,  as  will  appear  in  the  following  tables,  have  been 
reduced  by  means  of  both  Brillouin's  and  Fisher's  formula. 

§  6.  The  Data. 

The  determination  of  the  coefficient  was  made  at  three  driving  pres- 
sures. Table  IV.  includes  the  complete  data  of  one  trial  for  each  of  the 
driving  pressures  which  were  used  with  each  tube.  On  the  average, 
about  10  trials  were  made  at  a  driving  pressure  with  each  tube.  The 
values  of  1)  X  10'  in  the  last  column  are  computed  from  the  data  in  the 
corresponding  lines  and  are  not  corrected  for  slip  or  for  end  effects. 

Table  V,  gives  the  mean  values  of  i|  for  all  of  the  trials  made  with  each 
tube  at  the  given  driving  pressures  when  the  corrections  for  slip  and  for 
end  effects  have  been  made.     The  number  of  trials  made  with  a  tube  at 

'  Fisber,  PHVS.  Rbv.,  Vol.  39,  p.  15a,  1909. 

'  Pbvs.  Rkv.,  Vol.  31,  p.  316,  ipii. 
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the  given  driving  pressure  is  shown  in  the  last  column.    The  probable 
error,  P,  is  determined  from  the  formula 


fc  0.67  J 


»(n  -  i) ' 

in  which  Zd^  represents  the  sum  of  the  squares  of  the  differences  between 
the  separate  trials  and  the  mean  of  the  n  trials. 

Table  IVv 

Data  for  II-     TtmptTaturt,ie°  C. 


Tab* 
Nb. 

"■^515.^- 

"i'S- 

/.^^occ. 

rin  Cm.) 

flna«c. 

Bqa-Mon  (5)- 

1 

142.459 

67.946 

6.674 

817.8 

1383.8 

1838.7 

138.915 

64.357 

10.227 

567.9 

605.7 

39.3 

2 

142.828 

68.254 

6.320 

381.6 

T203.8 

33.1 

138.699 

64.233 

10.233 

400.2 

4518.1 

31.7 

124.605 

50.045 

24.515 

519.8 

2127.4 

36.1 

Aa 

142.530 

68.018 

6.504 

602.9 

693.6 

42.3 

139.497 

64.601 

10.295 

605.2 

428.4 

44.5 

V> 

142.234 

67.907 

6.420 

588.9 

606.0 

44.0 

138.425 

64.128 

10.169 

582.7 

367.4 

44.2 

4e 

142.407 

68.001 

6.405 

477.6 

425.3 

41.2 

138.978 

64.408 

10.162 

669.7 

365.4 

44.1 

Ad 

141.867 

67.800 

6.267 

1132.3 

872.4 

48.0 

138.487 

64.130 

10.227 

664.9 

306.0 

59.1 

At 

143.057 

68.375 

6.307 

951.0 

666.2 

51.2 

138.751 

64.273 

10.205 

663.4 

279.0 

56.7 

S 

138.786 

64.308 

10.170 

40S.5 

1151.1 

32.6 

Table  V. 

Mean  Valuta  <^ii  althe  DigatrU  Drirint  Pruiwd. 


^ 

fXIO'CorrutulfarBllp 

EquaUon  (j). 

Cornctad  for 

Probable 

Num- 

i 

ByBrlUoulD'il    Bv  Plibtr-| 
Formal*.      |      Formula. 

ber  or 
Trial*. 

1 

6  + 

1,838.0 

1,841.7 

1339.2 

1,839.2 

*0.5 

12 

10  + 

1,339.0 

1,842.1 

1,838.3 

1,837.5 

-=0.3 

24 

2 

6  + 

1,833.0 

1,838.1 

1,837.9 

1,837.5 

-=0.1 

2 

10  + 

1,831.2 

1,836.5 

1,836.1 

1,836.5 

-.1.0 

24  + 

1.834.7 

1,840.5 

1,839.7 

1,839.2 

*0.1 

Aa 

6  + 

1,842.1 

1,844.7 

1,839.6 

1.836.6 

-=0.3 

12 

10  + 

1.844.4 

1,847.1 

1,840.1 

1,838.4 

-■0.2 

21 

46 

6  + 

1,844.3 

1,846.9 

1.841.6 

1,839.3 

-=0.2 

10  + 

1,844.4 

1,847.1 

1,839.9 

1,837.1 

-.0.2 

5 

10  + 

1,832.8 

1,836.8 

1.834.8      1      1,834.9 

-.0.5 

16 
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Table  VI.  is  a  condensation  of  Table  V.  and  gives,  in  column  No.  2, 
the  mean  value  for  each  tube  when  the  same  weight  is  given  to  each  trial. 
In  this  column  the  correction  has  been  made  for  slip.  Column  No.  3 
gives  the  results  in  column  No.  2  when  corrected  for  end  effects  by 
Britlouin's  formula  and  column  No.  4  the  same  results  corrected  by 
Fisher's  formula.  . 

Table  VI. 

iloM  Valtus  of  7,  X  ICffar  Eack  Tnht. 


O  X  loi  Ccrrtctad  tor  Slip 
br  Bqa.tloo  (6). 

,  X  ttf  Cor«rt.d  for  Slip  ud  tor  Bod  Bff«et«. 

Br  Brtllsulo'i  PormulB. 

By  FUbtr'a  Formnl*. 

I 

2 

4a  and  46 

5 

1,S42.0 
1,838.3 

1,846.5 
1,836.8 

1,838.6 

:,837.7 
1,840.1 
1,834.8 

1,838.1 
1,837.6 
1,837.8 
1,834.9 

Mean... 

1,840.3 

1,837.8 

1,837.1 

Table  VII.  shows  the  final  mean  values  given  by  three  more  tubes, 
4c,  4rf  and  4*,  which  were  obtained  by  cutting  off  tube  No,  4.  The 
corrections  for  slip  and  for  end  effects  have  been  made. 


Table  VII. 

Mean  Voliws  0/  q  XW  for  Tubes  4c.  id  and  it. 


Cot«ctwl 
'     iDrStlpbv 
1  EqiutloD  (i). 

la  Cm. 

A-/,  in  Cm. 

iB: 

■ad  r«  Bd 

i 

BTlIlmiln'* 
Formol.. 

Fonnuu". 

Trial*. 

Ac 

67.16 

6  + 

1,840.6 

1,843.2 

1,835.8 

1,834.9 

10  + 

1,844.8 

1      1,847.5 

1,838.2 

1,832.2 

U 

56.90 

6  + 

1,850.1 

1,852.7 

1,842.8 

1,839.7 

10  + 

1,859.5 

!      1.862.2 

1,845,9 

1,841.7 

4« 

51.97 

6  + 

1.849.5 

1      1,852.1 

1,840.0 

1,835.9 

10  + 

1.856.7 

1      1,859.4 

1,839.8 

1,835.3 

Mean 

1,840.3 

1,836.6 

§  7.  A  Discussion  of  the  Data. 
An  analysis  of  Table  V,  shows  that  when  the  correction  for  slip  alone 
has  been  made,  different  values  of  ij  are  given  by  different  driving  pres- 
sures and  the  same  tube,  or  by  different  tubes  and  the  same  driving 
pressure.  When,  however,  the  corrections  are  made  either  by  Brillouin's 
or  by  Fisher's  formula  the  values  are  all  brought  into  fairly  good  agree- 
ment.    The  variations  due  to  a  change  in  the  driving  pressure  alone  are 
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SO  small,  that,  from  this  table,  no  inference  can  be  drawn  as  to  which 
method  of  correction  is  the  better. 

But  if  we  compare  the  values  for  each  tube  as  found  in  Table  VI., 
where,  with  a  given  tube,  each  trial  receives  the  same  weight,  a  different 
result  appears.  Fisher's  formula  gives  values  for  three  of  the  tubes  which 
are  identical  for  four  figures  while  Brillouin's  correction  permits  a  varia- 
tion in  the  fourth  place.  Too  much  weight,  however,  must  not  be  given 
to  this  fact,  since,  if  the  accuracy  of  the  experiment  were  what  these 
three  results  suggest,  the  values  of  ij  obtained  at  the  different  pressures- 
for  a  given  tube  (see  Table  V.)  would  be  just  as  close  as  the  values  in 
Table  VI,  As  this  is  not  the  case,  Fisher's  formula  cannot  be  said  to  be 
demonstrated  to  be  better  than  the  other.  Table  VII.,  however,  contains 
data  favorable  to  Fisher's  formula. 

Tube  No.  4  was  the  largest  one  used  and,  as  is  seen  from  Table  V., 
requires  the  largest  end  corrections.  To  obtain  an  empirical  formula 
for  this  correction  the  tube  was  shortened  by  5  cm.  and  10  cm.  at  a  time 
and  the  values  of  ri  observed  and  computed. 

The  original  tube,  4a,  and  the  second  length,  46,  gave  practically 
identical  results  (see  Table  V.)  but  the  third  length,  4c,  gave  values  of  ij 
which  began  to  differ  appreciably  with  the  change  in  driving  pressure 
(see  Table  VII.).  A  comparison  of  these  values  at  the  different  pressures 
for  the  same  length  of  tube,  when  corrected  for  end  effects,  shows  that 
Fisher's  formula  makes  the  variation  in  the  results  less  than  does  Bril- 
louin's. Further,  the  mean  of  all  of  the  trials  is  nearer  the  mean  value, 
given  in  Table  VI.,  than  is  the  corresponding  value  obtained  by  applying 
Brillouin's  expression. 

A  further  careful  study  of  the  data  in  Tables  V.  and  VII.  shows  that  the 
correction  for  the  end  effects  is  a  direct  function  of  the  driving  pressure 
and  of  the  fourth  power  of  the  radius  and  an  inverse  function  of  the 
length.    This  may  be  expressed  by  the  equation 


,-v[ 


,+m^J^] 


if  the  terms  of  order  higher  than  the  first  are  neglected.  In  this  equation 
^  is  a  constant  and  11'  is  the  coefBcient  when  corrected  for  slip.  The  value 
of  ^,  determined  from  the  data  of  tube  No.  4,  is 

A  ~  -  i.25(io»). 

An  empirical  formula,  which  will  correct  the  error  in  17'  due  to  the  end 
effects,  is  therefore  given  by 
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This  equation  is  equivalent  to  Fisher's  correction,  as  it  gives  values 
which  are  identical  within  the  limit  of  experimental  error  with  those  ob- 
tained by  his  theoretical  formula. 

The  results  given  in  Table  VII.  are  not  of  such  accuracy  that  one  may 
say  that  either  the  empirical  or  Fisher's  formula  completely  expresses 
the  end  effects.  The  values  of  7  should  increase  consistently  with  a 
decrease  in  the  length  of  the  tube.  This  they  fail  to  do.  The  empirical 
determination  of  the  proper  correction  for  the  fall  in  pressure  at  the  ends 
of  the  tube  would  therefore  necessitate  a  series  of  more  accurate  experi- 
ments than  those  on  which  1  have  based  my  absolute  determination  of  1;. 

§8.  The  Result. 

The  mean  values  of  i)  when  the  different  corrections  have  been  made 
are  given  in  Table  VI.  Only  the  data  obtained  by  the  use  of  those 
tubes  in  which  the  end  correction  is  small,  have  been  used  for  the  absolute 
value  of  the  coefficient.  The  mean  value  given  by  these  tubes,  when  the 
correction  for  slip  is  made,  is  1840.3(10"^.  When  the  correction  both 
for  slip  and  for  the  end  effects  are  made  by  Brillouin's  formula,  it  is 
1837.8(10"')  and  when  made  by  Fisher's  formula,  1837.1(10"^).  The  end 
effects  are  therefore  small  but  not  negligible.  Since  the  two  methods 
of  correction  give  values  which  differ  by  but  one  fortieth  of  one  per  cent, 
their  mean  is  taken  as  the  result  obtained  in  the  investigation.  This 
gives  an  absolute  value  of  1837.5(10')  g./cra.  sec.  for  the  coefficient  of 
viscosity  of  dry  air  at  26°  C. 

The  uncertainty  in  this  value  of  i(  may  be  estimated  from  the  following 
considerations.  The  maximum  variation  of  a  single  trial  from  the  mean 
of  the  values  for  a  given  tube  at  a  given  driving  pressure  is  .1  per  cent, 
for  the  most  consistent  series  and  .4  per  cent,  for  the  least  consistent. 
The  probable  error  in  a  given  series,  as  is  seen  in  Table  V.,  is  in  no  case 
greater  than  .06  per  cent.  Such  a  series  of  course  involves  systematic 
errors  which,  however,  disappear  in  the  mean  result  found  in  Table  VI., 
since  this  table  contains  completely  independent  determinations  on 
different  tubes.  The  probable  error,  in  the  mean  of  Table  VI.,  when 
computed  in  the  usual  way,  is  .04  per  cent.  This  assumes  that  the  correc- 
tion for  the  end  effects  has  been  properly  made.  In  order  to  make  allow- 
ance for  possible  uncertainties  arising  from  the  method  of  making  this 
correction  we  may  take  the  total  uncertainty  in  the  final  value  as  about 
.1  per  cent.     The  results  found  by  other  observers  who  have  not  made 
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allowance  for  the  variation  in  the  radius  are  higher  than  this,  as  they 
should  be. 

The  value  obtained  by  Grindley  and  Gibson  is  identical,  while  that 
given  by  Fisher  differs  only  by  about  .i  per  cent.  My  result  agrees 
within  .1  per  cent,  with  the  mean  of  the  very  accurate  determinations 
made  by  Gilchrist,^  by  the  use  of  a  constant  deflection  method,  by  Hogg,* 
from  the  damping  of  oscillating  cylinders,  and  by  Tomlinson,*  by  the 
damping  of  a  vibrating  pendulum.*  In  fact  the  only  careful  determina- 
tions by  any  method  which  do  not  agree  with  this  were  made  at  the 
University  of  Halle  by  Schultze,  by  Tanzler  and  by  others  using  Schultze's 
apparatus.  The  reason  for  their  high  values  is  most  probably  found  in 
the  use  of  the  exceedingly  small  tubes,  which  makes  the  determination  of 
the  radius  difficult  and  very  uncertain. 

§  9.  The  StBTUARY. 

In  the  above  study  of  "The  Flow  of  Air  Through  Capillary  Tubes"  a 
number  of  tubes  of  different  diameters  and  of  very  uniform  bore  were 
selected  and  carefully  calibrated.  With  these  tubes,  both  an  experi- 
mental study  of  the  fall  in  pressure  at  the  ends  and  a  determination  of 
the  absolute  value  of  the  coefficient  of  viscosity  of  dry  air  were  made. 

The  study  of  the  end  effects  leads  to  the  following  conclusions: 

I.  The  method  of  allowing  for  the  end  effects,  developed  by  M, 
Brillouin,  holds  only  for  very  small  corrections. 

n.  The  method  developed  by  Fisher  expresses  the  result  better  for 
the  corrections  within  the  range  of  this  investigation. 

III.  The  empirical  formula. 


,-[,-,,.5(.o.,?'<^]. 


which  is  deduced  from  the  data,  gives  results  which  are  equivalent  to 
those  obtained  by  Fisher's  method. 

The  absolute  value  of  the  coefficient  of  viscosity  of  dry  air  obtained  in 
this  investigation  at  26'  C.,  when  the  corrections  for  slip  and  for  end 
effects  have  been  made,  is  1837.5(10^)  g./cm.  sec.  with  an  estimated 
experimental  error  of  .i  per  cent. 

■  Gilchilst,  Phys.  Rbv.,  Series  II.,  Vol.  I.,  p.  114.  I5i3- 

'  Hogg.  Proceeding*  of  the  Americea  Academy,  Vol.  40,  p.  611,  190S. 

■  Tomllnaon,  Philosophical  TransacUoos  of  the  Royal  Society,  Vol-  177,  p.  767,  t8S6, 

'  A  Bunnnary  of  these  determinatioiis  is  given  by  R.  A.  MillikaD,  "Ueber  den  warschein' 
Uchsten  Wert  des  RdbuagskoefEzienten  der  Luft,"  Annalen  der  Physik,  VoL  41,  p.  759, 
1913. 
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In  conclusion,  I  take  this  opportunity  of  thanking  those  who  have 
very  willingly  assisted  during  the  progress  of  the  research.  I  wish, 
especially,  to  acknowledge  the  encouragement  and  the  timely  suggestions 
which  Prof.  R.  A.  Millikan  has  given.  The  investigation  was  undertaken 
at  his  suggestion  and  was  carried  to  completion  under  his  supervision. 

RVBBSDN  LaBOKATOKV. 

The  Univbrsiiv  <x  Cbicago, 
August,  1913. 
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THE  LONGITUDINAL  THERMOMAGNETIC  POTENTIAL- 
DIFFERENCE. 

By  Alphbus  W.  Smttb. 

IF  a  plate  in  which  there  is  a  longitudinal  flow  of  heat  is  brought  into 
a  transverse  magnetic  field  so  that  the  lines  of  force  are  perpendicular 
to  the  plane  of  the  plate,  it  is  found  that  there  is  a  difference  of  potential 
set  up  between  any  two  points  at  a  given  distance  apart  along  the  plate. 
This  difference  of  potential  is  superposed  on  the  thermoelectromotive  force 
which  exists  in  the  plate  and  may  serve  to  increase  or  to  decrease  it. 
Following  the  usual  practice  this  effect  will  be  considered  positive  when 
the  potential-gradient  established  by  the  magnetic  action  is  in  the  same 
direction  as  the  temperature-gradient  along  the  plate.  The  coefficient 
of  this  effect  is  given  by  the  equation, 

e  =  LHp-l 
dx 
or  approximately 

■'' "  Wh^^y 

where  e  is  the  difference  of  potential  in  absolute  units  called  forth  by  the 
magnetic  action;  H  is  the  magnetic  field  in  absolute  units;  and  tj  "  h 
is  the  difference  of  temperature  between  the  two  points  on  the  plate  at 
which  the  lead  wires  to  the  galvanometer  are  soldered,  and  I  the  distance 
between  these  points. 

Zahn*  has  made  observations  on  the  way  in  which  this  effect  in  bismuth 
depends  on  the  temperature.  For  a  magnetic  field  of  6,290  absolute 
units  he  found  L  to  be  0.134  at  28.7°  C.  and  o.i  11  at  24.1°  C.  From  these 
observations  he  concludes  that  this  effect  in  bismuth  increases  with  rising 
temperature.  It  seemed  desirable  to  study  more  fully  the  influence  of 
temperature  on  this  effect  in  bismuth. 

The  bismuth  plates  to  be  investigated  were  cast  by  pouring  the  molten 
bismuth  into  a  lavite  mould.  These  plates  were  about  3  cm.  long,  1.4 
cm.  wide  and  0,2  cm.  thick.  The  apparatus  for  producing  the  tempera- 
ture-gradient in  the  plates  was  essentially  the  same  as  that  used  by  the 
author*  In  the  study  of  the  transverse  thermomagnetic  effect  in  nickel 

>  Ann.  der  Pfayt.,  14.  p.  914  (1904). 
•  Phys.  Rbv.,  33,  p.  agj  C1911). 
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and  cobalt  at  different  temperatures.  For  the  details  of  the  apparatus 
reference  is  made  to  Fig.  1  of  that  paper.  In  the  present  experiments, 
however,  slots  were  cut  in  the  ends  of  the  rods  which  were  opposite  to 
each  other  and  into  these  slots  the  plates  to  be  investigated  were  inserted. 
The  plates  were  then  clamped  to  the  copper  rods  by  means  of  screws.  To 
each  end  of  the  plate  on  its  longitudinal  axis  was  clamped  a  copper- 
advance  thermal  junction  by  means  of  a  screw  which  pressed  the  junction 
firmly  against  the  plate.  The  copper  wires  of  this  junction  were  con- 
nected through  a  galvanometer  to  a  slide-wire  potentiometer  by  which 
the  thermoelectromotive  force  between  the  ends  of  the  plate  was  com- 
pensated. The  difference  of  potential  set  up  by  the  magnetic  field  was 
determined  by  first  measuring  the  electromotive  force  between  the  ends 
of  the  plate  when  there  was  no  magnetic  field  and  then  measuring  it 
again  when  the  magnetic  field  was  established.  The  difference  between 
these  two  electromotive  forces  gave  the  difference  of  potential  called 
forth  by  the  magnetic  field.  The  observations  were  then  repeated  with 
the  magnetic  field  in  the  opposite  direction.  The  mean  of  the  potential 
differences  set  up  by  the  magnetic  field  in  the  two  directions  was  taken 
as  the  longitudinal  thermomagnetic  potential-difference.  The  magnitude 
of  this  difference  of  potential  is  not  exactly  the  same  for  both  directions 
of  the  magnetic  field,  because  it  is  impossible  to  get  the  copper  lead  wires 
exactly  on  the  longitudinal  axis  of  the  plate  so  that  the  transverse  thermo- 
magnetic effect  cannot  make  a  contribution  to  the  longitudinal  effect. 
The  difference  of  potential  from  this  transverse  thermomagnetic  effect 
increases  the  longitudinal  thermom^netic  potential  difference  for  one 
direction  of  the  magnetic  field  and  decreases  it  for  the  opposite  direction 
of  the  magnetic  field.  The  mean  of  the  differences  of  potential  observed 
with  the  magnetic  field  in  opposite  direction  eliminates  this  contribution 
made  by  the  transverse  thermomagnetic  effect.  The  mean  of  the  tem- 
peratures at  the  two  ends  of  the  plate  was  taken  as  the  temperature  at 
which  the  effect  was  observed.  This  procedure  is  not  entirely  without 
objection  for  the  longitudinal  thermomagnetic  potential-difference  is 
not  a  linear  function  of  the  temperature.  Since  the  difference  of  tem- 
perature between  the  ends  of  the  plate  amounted  to  only  30°  or  40*  C. 
the  error  introduced  by  this  approximation  is  not  serious.  The  results 
of  the  observations  on  bismuth  are  given  in  Table  I.  The  same  observa- 
tions have  been  plotted  in  Fig.  i.  It  is  seen  from  this  curve  that  this 
'  longitudinal  effect  in  bismuth  decreases  rapidly  with  rising  temperature. 
The  slope  of  the  curve  indicates  that  the  effect  would  vanish  at  the  melting 
point  of  bismuth.  This  result  is  not  in  agreeemnt  with  the  observations 
.  of  Zahn  who  noted  an  increase  in  the  effect  with  rising  temperature. 
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The  potentiai-gradient  set  up  by  the  magnetic  action  is  in  the  opposite 
direction  to  the  temperature-gradient  in  the  plate.  According  to  the 
usual  convention  this  makes  the  effect  in  bismuth  negative.  The  average 
value  of  the  thermoelectromotive  force  of  this  bismuth  against  copper 
between  32°  C.  and  72'  C,  was  6.26  X  I0~'  volts  per  degree  Centigrade 
difference  in  temperature.  At  this  temperature  a  magnetic  field  of 
20,000  C.G.S.  units  sets  up  in  the  plate  a  longitudinal  electromotive 
force  which  is  equivalent  to  an  increase  of  about  30  per  cent,  in  the 
thermoelectromotive  force. 

Table  I. 


fC, 

i 

fiC 

L 

U.5' 

0.116 

117' 

0.051 

41.7 

0.110 

148 

0.040 

50.5 

0.104 

151 

0.035 

64 

0.D94 

303 

0.021 

101 

0.066 

215 

0.01s 

From  the  curve  in  Fig.  i  the  value  of  L  at  53°  C.  is  found  to  be  0.102. 
This  value  as  well  as  the  other  values  in  Fig.  i  is  for  a  magnetic  field  of 
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Fig.  1. 

9,600  C.G.S.  units.    For  this  same  temperature  and  for  a  magnetic  field 
of  11,000  C,G.S.  units  Barlow'  found  i  to  be  O.IOO, — a  value  in  good 
■  Ann.  der  Phys.,  t3,  p.  Sg?  (1903}. 
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agreement  with  that  noted  above.  For  a  magnetic  field  of  6,290  C.G.S. 
units  Zahn  found  Z,  tobeo.iii  at  24.1°  C.  The  value  of  Lfor  this  tem- 
perature taken  from  the  curve  in  Fig,  I  ia  0.128.  Here  the  agreement 
is  less  satisfactory. 

Roberts'  has  shown  that  when  graphite  is  placed  in  a  transverse 
magnetic  field  there  is  a  very  lat^e  change  in  its  electrical  resistance. 
Since  the  longituditial  thermomagnetic  effect  is  in  a  way  the  analogue 
of  the  change  in  the  electrical  resistance  in  a  magnetic  field  it  seemed 
that  this  longitudinal  effect  in  graphite  might  be  lat^  enough  to  be 
measured.    Two  plates  of  Acheson  graphite  were  made.    These  plates 
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Fig.  2. 


were  3.2  cm.  long,  i  .4  cm.  wide  and  0.2  cm.  thick.  The  ends  were  copper- 
plated  and  then  soldered  to  copper  tubes  in  the  manner  described  by 
the  author*  in  the  study  of  the  Nerast  effect  in  alloys.  A  description 
of  the  apparatus  accompanies  Fig.  14  of  the  paper  just  cited.  To  the 
copper-plating  on  either  end  of  the  plate  was  soldered  a  copper-advance 
thermal  junction  so  that  the  junctions  were  as  nearly  as  possible  on  the 
longitudinal  axis  of  the  plate.  The  temperature-gradient  in  the  plate 
was  established  by  causing  steam  at  atmospheric  pressure  to  flow  through 
one  of  the  copper  tubes  and  water  at  room  temperature  to  flow  through 
the  other  tube.  The  thermoetectromotive  force  thus  established  was 
compensated  on  the  slide-wire  potentiometer  when  the  plate  was  not  in 
the  magnetic  field.     The  potential-difference  set  up  by  the  magnetic 


'  PhU.  Mag.  M).  »6,  p.  158  (1913)- 
>  Phys.  Rev..  33,  p.  193  (1911). 
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field  was  detennined  by  noting  the  deflections  of  a  d'Arsonval  galvanom- 
eter. The  magnetic  Eeld  was  then  reversed  and  the  deflection  again  noted. 
The  mean  of  these  deflections  was  taken  as  a  measure  of  the  potential 
difference  set  up  by  the  magnetic  action.  From  the  figure  of  merit  of 
the  galvanometer  the  potential-difference  was  obtained  in  absolute  units. 
The  results  of  these  observations  are  given  in  Table  11.  They  have  also 
been  plotted  in  Fig.  2.  One  end  of  the  plate  was  at  a  temperature  of 
about  36°  C.  and  the  other  end  at  about  84*  C.  so  that  the  mean  of  these 
temperatures  which  is  60*  C.  may  be  considered  the  temperature  at  which 
the  values  of  the  coeflScient  in  Table  11.  are  given.  The  direction  of  the 
effect  in  graphite  is  such  that  the  potential-gradient  set  up  by  the  mag- 
netic field  is  in  the  direction  of  the  temperature-gradient  in  the  plate. 
The  effect  is  therefore  positive  in  graphite.  The  average  thermoelectric 
height  of  the  graphite  against  copper  between  about  36°  and  84°  C.  for 
Plate  I.  was  6.17  X  lO"*  volts  and  for  Plate  II.,  5.05  X  io~'  volts.  The 
effect  of  the  magnetic  action  was  to  increase  somewhat  the  effective 
thermoelectromotive  force  in  the  plate.  The  values  of  L  for  the  two 
plates  differ  from  each  other  by  about  20  per  cent.  The  reason  for  this 
variation  is  probably  to  be  found  in  the  presence  of  impurities  in  the 
graphite. 

Table  II. 


PMal. 

PI>U  II. 

// 

iXio* 

J¥ 

ZXw* 

3,300 

65 

3,250 

48 

5.1  SO 

80 

5.100 

67 

9.300 

121 

9,300 

98 

12,850 

15t 

12,700 

126 

15,600 

173 

15,600 

142 

18,400 

193 

18,300 

155 

20.200 

197 

20,200 

160 

Table  III.  ctmtains  the  data  on  monel  which  is  an  alloy  containing 
68  per  cent,  nickel,  29.5  per  cent,  copper,  1.5  per  cent,  iron  and  i  per 
cent,  manganese.  In  Curve  I.  of  Fig.  3  the  potential  difference  in  abso- 
lute units  when  there  is  a  temperature-gradient  of  one  degree  Centigrade 
per  centimeter  in  the  plate,  has  been  plotted  against  the  magnetic  field. 
In  Curve  II.  the  coefficient  L  has  been  plotted  against  the  magnetic 
field.  The  temperature  of  one  end  of  the  plate  was  90°  C,  that  of  the 
other  end,  24°  C.  The  mean  temperature  57*  C.  may  be  taken  as  the 
temperature  at  which  the  values  of  L  recorded  in  Table  III.  were  deter- 
mined.   The  thermoelectric  height  of  monel  against  copper  between 
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these  temperatures  is  30.7  X  I0~*  volts.  In  monel  the  effect  is  negative 
so  that  the  potential-difference  set  up  by  the  magnetic  field  increases  the 
thermoelectric  height  of  this  alloy. 
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Table  III. 

If 

iXio- 

H 

zx.o> 

3,500 
S,200 
9.300 

484 
498 
448 

13,000 
18,500 
20,000 

40iS 
327 
306 

The  addition  of  antimony  to  bismuth  causes  the  thermoelectric  heights 
to  pass  through  a  maximum  when  the  alloy  contains  about  9  per  cent, 
of  antimony.  Curve  I,  of  Fig.  4  shows  the  relation  between  the  thermo- 
electric height  of  the  alloy  and  the  percentage  by  weight  of  antimony  in 
it.  In  Curve  II.  of  Fig.  4  the  coefficient  of  the  longitudinal  thermo- 
magnetic  potential-difference  has  been  plotted  against  the  percentage 
by  weight  of  antimony  in  the  alloy.  The  value  of  the  magnetic  field  in 
these  observations  was  20,200  C.G.S.  units.  One  end  of  the  plate  was  at 
about  72°  C.  and  the  other  end  at  22°  C.  so  that  the  temperature  at 
which  the  coefficients  have  been  determined  is  about  46"  C,  It  is  seen 
from  this  curve  that  the  coefficient  of  this  longitudinal  effect  has  a  maxi- 
mum when  the  alloy  contains  about  g  per  cent,  of  antimony.  With 
further  addition  of  antimony  to  the  alloy  the  coeffident  decreases  in  a 
manner  similar  to  that  in  which  the  thermoelectric  heights  decrease  under 
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Nmilar  condition.    The  two  curves  are,  however,  not  parallel.    The 
direction  of  the  effect  in  these  alloys  is  the  same  as  its  direction  in  bismuth. 
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SUUHARY. 

1.  The  longitudinal  thermomagnetic  effect  in  bismuth  decreases  with 
rising  temperature  and  seems  to  vanish  at  the  melting  point  of  the 
bismuth. 

2.  The  longitudinal  thermomagnetic  effect  has  been  determined  in 
graphite  and  monel.  It  is  positive  in  the  former  and  negative  in  the 
latter. 

3.  The  longitudinal  thermomagnetic  potential-difference  in  bismuth- 
antimony  alloys  shows  a  maximum  value  when  the  alloy  contains  about 
9  per  cent,  of  antimony. 

PHrStCAL   LABOBAtOBY, 

Omo  Stats  UxivnuiTy. 
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THE   MEASUREMENT   OF   MAGNETIC    FIELDS    BY  THEIR 
DAMPING  EFFECT  UPON  A  VIBRATING  COIL. 

Bt  Paul  E.  B^lotstbc. 

WHEN  a  coil  of  wire  which  is  part  of  a  closed  electrical  circuit  is 
suspended  in  a  magnetic  field  and  displaced  from  the  equilibrium 
position,  its  motion  about  the  axis  of  sus[>ension  will  be  either  periodic 
and  damped,  or  if  the  damping  is  sufficiently  great,  the  coil  will  approach 
its  position  of  rest  aperiodically.  The  type  of  motion  is  determined  by 
the  total  resistance  in  the  circuit.  If,  with  a  given  resistance,  it  is 
periodic,  the  amount  of  damping  will  evidently  be  largely  dependent 
upon  the  intensity  of  the  magnetic  field;  and  if  the  motion  is  to  be 
critically  damped,  the  intensity  of  the  field  will  again  be  the  factor  which 
determines  the  resistance  of  the  circuit  for  this  special  condition.  The 
dependence  of  damping  upon  intensity  of  field  is  used  as  the  basis  of  the 
work  presented  in  this  paper. 

I.  Theoretical. 
r.  General. — The  various  types  of  motion  which  a  galvanometer  moving 
coil  suspended  in  the  usual  way  may  possess  are  represented  in  the 
general  differential  equation' 

where  /o  is  the  moment  of  inertia  of  the  coil  about  its  axis  of  suspension; 
2/  is  the  coefficient*  of  damping; 
g*  is  the  torsional  moment  of  the  suspension  fibers  per  unit  angle 

of  displacement ; 

0  is  the  angular  displacement  of  the  coil  at  the  instant  /. 

The  second  term  of  this  equation  represents  the  total  damping  moment, 

assuming  that  damping  is  directly  proportional  to  the  angular  velocity 

of  the  coil.     This  assumption  is  shown  by  the  experimental  results  of 

■Love,  Theoretical  Mechanics,  ad  ed.,  p.  143;  Jaeger,  Zeltschr.  f.  iDstrumeiiteiik-,  33, 
1903,  P-  »6>:  Dlesselhorst.  Ann.  d.  Phya..  9.  (4).  1903.  p.  459;  Ayrton  and  Mather.  Phil. 
Mag.,  46.  (s>.  1898.  P- 377. 

1  "Coefficient."  todistinguiBbUUscoiiatant  from  the  "damping  factor."  aJ»,  used  tc  correct 
the  throws  of  a  ballistic  galvanometer  for  the  damping  effect. 


Digitized  by  Google 


hS*!^]  measurement  of  Magnetic  fields.  391 

this  paper  to  be  valid.  A  later  derivation*  shows  that  the  first  power 
variation  law  holds  for  that  part  of  the  damping  moment  which  is  due 
to  the  induced  currents.  The  other  part  of  the  damping  moment  is 
due  to  viscosity  of  the  air  and  suspension  fibers  and  to  displacement 
of  the  air  in  the  path  of  the  moving  coil.* 
The  general  solution  of  equation  (i)  is 


a  =  —    and     B 

16 


_  \irrt 


We  shall  consider  the  two  cases  when  ^  is  imaginary  and  when  fi  is 
zero.  The  first  condition  ts  fulfilled  for  /oa"  >  P,  and  therefore  implies 
a  value  of  the  damping  coefficient  less  than  a  certain  critical  value;  i.  e., 
2/  <  2  V/og*.  The  other  condition  obtains  when  /og*  —  /*  or  when  2/ 
has  the  critical  value  2  V/og*.  Corresponding  to  these  two  conditions 
are  the  two  types  of  motion  which  are  most  commonly  used  in  the  ordinary 
moving  coil  galvanometer,  namely,  damped  periodic  and  critically 
damped,  or  "just  aperiodic." 

2.  Damped  Periodic  Motion. — ^When  y3  is  imaginary,  equation  (2) 
becomes 

d  -  t-'U  cos  6(  +  S  sin  bt),  (3) 

in  which 


Evaluating  the  constants  by  imposing  the  initial  conditions  which 
correspond  to  the  discharge  of  a  quantity  of  electricity  Q  through  the 
coil  at  rest — this  discharge  imparting  an  initial  angular  velocity  to  the 
coil  which  is  proportional  to  the  quantity  discharged,  say  kQ — equation 
(3)  becomes 

«-.-(^sin4i),  (♦) 

whence  the  complete  period 


'"-"J;r?r— »■  (5) 

'  See  equation  (13),  p.  393. 

'An  eiperiroent  carried  out  in  connection  with  thia  work  shows  that  at  dEminishcd  pres- 
sures, as  low  aa  0.5  mm.  of  mercury,  the  logarithmic  decrement  at  any  given  held  value  Is 
practically  the  nme  as  at  atmospheric  pressure,  showing  that  by  far  the  greater  part  of  air 
damping  Is  due  to  viscosity.  The  eSect  of  viscosity  is  also  proporUonal  to  the  first  power  of 
the  linear,  and  therefore  of  the  angular  velocity. 
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With  no  damping  the  complete  period  is 

(6) 


'•J^- 


The  logarithmic  decrement  of  the  motion  represented  by  equation  (4) 
is  usually  defined  as  the  Naperian  Ic^arithm  of  the  ratio  of  any  maximum 
displacement  of  the  coil  to  the  one  next  following.    Its  value  is  given  by 


-w- 


(7) 


Designating  tile  angle  (tf»  +  fl,+i)  by  9i  and  the  angle  (^.4*  +  0»+tf-i)  by 
6^1,  we  have  also 


*" 


(8) 


By  equations  (5),  (6),  and  (7) 


"J--^. 


The  relation  between  two  periods  Ti  and  Tq  of  the  same  coil  corresponding 
to  the  two  values  A  and  X  of  the  logarithmic  decrement  is  therefore 


(10) 


which  shows  that  in  a  given  coil  a  comparatively  lai^e  chai^  is  necessary 
in  the  logarithmic  decrement  in  order  that  the  period  may  be  appreciably 
affected,  both  A'  and  \'  being  small*  as  compared  with  w*. 

3.  Critically  Damped  Motion, — This  case,  based  upon  the  condition 
/gg*  =  f*,  has  been  discussed  at  length  by  O.  M.Stewart.'  The  particular 
solution  of  equation  (i)  is 

(J  -  *-"(Ci  +  ct/),  (11) 

which  becomes 

e  =  kQU-"  (12) 

by  evaluating  the  constants  with  the  same  initial  conditions  imposed 
as  before. 

1  Bahrdt,  Phygiktdigche  MeMungametboden,  p.  iii;  Jaeger,  ZelUcbr.  f.  Inttrumenteiik.. 
33-  I903>  P'  366. 

■  For  typical  valuei  of  A  and  X  aee  table,  p.  398. 

'Stewart.  O.  M.,  Phvs.  Rev.,  16,  (t),  1903,  p.  15S. 
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11.  Equation  for  Field  Intensity — Motion  op  Con.  Pebiodic  and 
Damped. 
Aside  from  the  notation  which  has  already  been  introduced,  the 
following  designations  will  be  used : 

H  ~  m^netic  field  intensity ; 
/  —  mean  length  of  coil; 
d  "  mean  breadth  of  coil ; 
n  =  number  of  turns  of  coil ; 
Tt  —  complete  period  of  coil  on  open  circuit; 
Ti  —  complete  period  of  coil  on  closed  circuit; 
R'  and  R  *  total  resistance  in  circuit  when  motion  of  coil  is  periodic, 
expressed  in  C.G.S.  units  and  ohms,  respectively; 
Rt  and  Rt  ■■  total  resistance  in  circuit  to  produce  critical  damping, 
expressed  in  C.G.S.  units  and  ohms,  respectively; 
M  ""  damping  moment  due  to  current  induced  in  vibrating  coil; 
A  —  logarithmic  decrement  on  closed  circuit; 
X  '^  logarithmic  decrement  on  open  circuit. 
The  angle  of  displacement  of  the  coil  is  assumed  so  small  that  its  cosine 
remains  at  all  times  very  nearly  equal  to  unity,  in  order  that  the  coil 
may  cut  the  lines  of  force  perpendicularly.^    With  this  condition  imposed, 
the  rate  of  cutting  depends  upon  only  the  angular  velocity  of  the  coil. 

At  any  instant  ( when  the  coil  has  the  angular  velocity  d6/dt,  the  electro- 
motive force  induced  in  the  coil  is 

dN        „„d(J 
■df-'^dt- 

and  if  the  coil  is  part  of  a  circuit  of  reustance  R',  the  current  will  be 

nldHde 
R'   dt' 

The  moment  of  the  force  due  only  to  this  induced  current,  opposing  the 
motion  of  the  coil,  is  equal  to  nldHI',  or 

There  are  other  factors,  however,  which  must  be  included  in  the  coefHcient 
3/ of  dSjdt  in*equation  (i). 
Let  m  represent  that  part  of  2/ which  is  due  to  these  other  causes,  i.  e., 

■  UtJog  teleacope  and  acate  for  ruuUns  the  angle  of  duplacement,  tbe  scale  being  placed 
at  a  distance  of  50  cm.,  the  deflection  may  become  10  cm,  before  the  boeine  of  the  angle  dlffen 
from  unity  by  0.5  per  cent. 
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to-eddy  currents,  resistance  and  viscosity  of  the  air  and  internal  friction 
in  the  suspensions;  m  is  then  the  coefficient  of  damping  when  the  coil 
swings  on  open  circuit.  Hence,  on  open  circuit,  /  =  m/2;  and  on  closed 
circuit 

From  equations  (5)  and  (7) 

/-2^.  (.5) 

When  the  coil  is  swinging  on  open  circuit,  the  coethcient  of  damping 
m       2/A 


r.  ■ 


(16) 


By  equations  (14),  (15),  and  (16),  with  the  aid  of  (10),  we  obtain  for  the 
intensity  of  the  magnetic  field  the  value 

H  -  xJ^/A  -  X),  (17) 

in  which 

21/10^ 

III.  Equation  for  Field  Intensity — Motion  of  Coil  Critically 
Dauped. 
The  criterion  for  "just  aperiodic "  motion  was  given  in  connection 
with  equation  (12)  as  2/  =  2  Vg^/o.  As  in  the  preceding  section,  the 
damfiing  coefficient  consists  of  two  parts,  one  of  which  may  be  repre- 
sented by  the  quantity  m.  Both  parts  of  the  coefficient  are  proportional 
only  to  the  angular  velocity  of  the  coil.  When  the  motion  is  critically 
damped,  therefore,  the  equation  of  damping  has  the  form 

(■8) 

g"/))  being  constant  for  any  type  of  motion  of  the  coil,  its  value  may  be 
obtained  from  equations  (5)  and  (7) : 

This  together  with  equations  (l6)  and  (i8)  gives  for  the  strength  of  the 
field: 
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(20) 


But  X*  19  very  small  as  compared  with  t*,  hence  (20)  may  be  written  in 
the  form  similar  to  (17) : 

H-X-J^Vr-X),  (21) 

the  constant  K  being  the  same  as  in  (17). 

IV.  Limiting  Value  of  Logarithmic  Decrement. 

A  comparison  of  equations  (17)  and  (21),  term  for  term,  shows  that 
when  the  damping  has  become  cntical,  R  is  replaced  by  the  limiting  value 
Rt,  and  A  by  the  constant  t.  That  the  constant  t  should  represent  a 
Ic^rithmic  decrement  in  an  aperiodic  motion  seems  at  first  sight  in- 
consistent with  the  definition  of  logarithmic  decrement  as  usually  given; 
for  in  this  case  there  is  no  second  displacement  beyond  the  null  position. 
The  following  consideration  will  show  that  by  adopting  a  somewhat 
different  definition  for  the  logarithmic  decrement,  we  may  consider  r 
still  to  be  a  logarithmic  decrement  in  the  above  equation. 

The  ordinary  definition  of  the  term  as  applied  to  the  moving  coil  is 
based  upon  the  relative  magnitude  of  two  successive  displacements 
from  the  null  position,  taken  at  intervals  equal  to  the  time  of  a  half- 
vibration  of  the  coil,  as  shown  by  equation  (7).  Similarly,'  we  may 
define  the  logarithmic  decrement  of  an  aperiodic  motion  as  the  natural 
logarithm  of  the  relative  magnitude  of  two  successive  displacements 
taken  at  an  interval  of  time  equal  to  t/2,  the  half-period  when  there  is 
no  damping.     By  equation  (12),  at  the  instant  T, 

and  at  the  instant  T  +  t/2. 
The  ratio  of  displacements 


"r+T/a       x  _L  _  T  4-  — 

'  The  temi  "logarithmic  decement"  has  aJready  been  applied  to  a  non-periodic  velocity 
(Danlell,  Priodples  of  Physics.  1911.P.  185} — a  moving  body,  encountering  a  [esistance  which 
It  proportional  to  the  velocity,  being  negatively  accelerated  in  auch  a  way  that  during  sue- 
cesdve  equal  intervals  of  time  the  natural  logarithm  of  the  velocity  change*  by  a 
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As  T  increases,  the  coeflicieiit  of  t'  approaches  unity,  so  that  for  values 
of  T  which  are  large  as  comfiared  with  r/2,  *.  e.,  near  the  end  of  the 
motion,  the  logarithmic  decrement,  as  defined  above,  becomes  equal  to  t. 

V.  Discussion  of  Equations  (17)  and  (21). 

It  is  not  a  difficult  matter  to  obtain  experimentally  the  data  needed 
for  determining  a  held  intensity.  After  K  has  once  been  determined  for 
a  given  coil,  the  measurements  involve  a  determination  of  time,*  resistance, 
and  angular  displacement.  All  of  these  enter  into  the  formula  under  the 
radical  sign,  so  that  the  probable  error  of  the  result  is  only  half  that  of 
the  observations.  The  constant  K  may  be  determined  either  by  direct 
computation  from  its  factors,  each  of  which  is  readily  obtained;  or  the 
coil  may  be  suspended  in  a  field  of  known  value  and  the  constant  calcu- 
lated from  the  observations  by  means  of  equation  (17).*  The  latter 
method  is  used  when  the  number  of  turns  of  the  coil  or  its  dimen^ons 
are  not  readily  obtainable;  incidentally,  with  the  dimensions  known,  the 
number  of  turns  may  be  calculated  from  this  determination. 

The  logarithmic  decrements  are  found  by  means  of  equation  (8).  The 
error  of  observation  may  be  reduced  to  a  minimum  by  taking  k  suffi- 
ciently large;  intermediate  values  of  the  angle  need  not  be  taken,  except 
as  a  means  of  checking  the  result  when  this  is  desirable.  It  is  a  well- 
known  fact  that  the  logarithmic  decrement  varies  slightly  with  the 
amplitude  of  vibration  ;*  but  if  the  displacements  are  not  too  lai^e,  i.  «., 
approximately  not  greater  than  10  cm.  on  the  scale  at  a  distance  of  50 
cm.,  the  error  is  negli^ble,  as  shown  by  the  experimental  verification 
of  the  equations. 

From  theoretical  considerations  alone,  it  would  seem  preferable  to 
use  the  periodic  method  of  equation  (17)  rather  than  the  aperiodic 
method  of  equation  (21).  In  the  first  place,  the  aperiodic  method  cannot 
be  used  at  all  for  the  measurements  of  fields,  the  intensity  of  which  is 
less  than  that  for  which  the  coil  is  critically  damped  on  short  circuit. 
Again,  the  observations  for  equation  (21)  are  more  difficult  to  make  than 
those  for  equation  (17),  since  it  is  necessary  to  adjust  a  resistance  in  the 
coil  circuit  to  such  a  value  that  the  coil  returns  to  zero  in  the  minimum 
time  without  passing  beyond.     It  is  difficult  to  judge  exactly  when  this 

.  >  The  determination  of  the  period  of  the  ecu!  in  every  measurement  of  field  atreDftll  is 
ncceMltated  by  the  magnetic  Impurities  la  the  coil  (White.  Phys.  Rbv..  13.  <i),  igo6,  p.  3S1; 
A.  Zeleny.  Phvs.  Rev..  33.  (i),  1906,  p.  399;  3}.  (t).  tgti,  p.  397;  DiesMlhorst,  Zeltachr.  f. 
InitnimeateDk.,  31,  1911,  p.  347).     ' 

■  It  should  be  noted  that  when  once  the  constant  is  known  for  any  porticulu'  coil,  this  eOU 
may.  without  redetermining  K,  be  used  with  any  kind  of  suspension;  no  term  in  the  expression 
for  £  is  dependent  for  Its  value  upon  the  suspension  fiber. 

■  Peirce.  B.  O..  Proc  Am.  Acad.,  44,  1908.  p.  7a. 
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condition  obtains.  The  resistance  used  in  (17)  is  chosen  arbitrarily,  and 
may  have  any  value  so  long  as  the  damping  is  not  too  great  to  make 
the  corresponding  logarithmic  decrement  difficult  to  obtain. 

Experimental  tests  of  the  two  equations  also  show  the  periodic  method 
preferable  to  the  other.  Results  obtained  in  using  equation  (21)  have 
been  found  in  a  number  of  sets  of  observations  to  range  from  three  to 
seven  per  cent.  h^;her  than  those  given  by  the  ballistic  method,  the 
difference  increasing  with  the  field  strength;  as  will  be  seen  later,  results 
of  the  periodic  method  agree  to  within  one  per  cent,  in  almost  every  case. 
It  is  purposed  to  make  a  further  study  of  equation  (31)  to  ascertain,  if 
possible,  the  reason  for  the  observed  discrepancy. 

There  are  obviously  several  advantages  of  the  damped  coil  method 
over  the  ballistic  method,  principal  among  which  is  the  umplicity  of 
the  apparatus  necessary  for  the  determinations.  Another  is  its  adapta- 
bility to  the  measurement  of  a  galvanometer  field  containing  an  iron 
core,'  since  the  coil  will  swing  as  readily  about  the  core  as  in  a  free  space; 
furthermore,  in  a  galvanometer  field  the  assumption  originally  made, 
namely,  that  at  any  instant  the  coil  cuts  the  lines  of  force  perpendicularly, 
is  more  nearly  fulfilled  than  in  parallel  fields. 

VI.    ExPEKniENTAL. 

To  test  the  accuracy  of  the  method  given  above,  the  values  obtained 
by  its  use  for  a  series  of  magnetic  fields  were  compared  with  determina- 
tions of  the  same  fields  by  the  ballistic  method. 

For  the  purpose  of  obtaining  a  variable  field  of  known  intensity,  an 
electromagnet  with  large  plane  pole  pieces  was  used.  The  field  intensity 
corresponding  to  any  given  current  in  the  electromagnet  was  first  meas- 
ured by  the  ballistic  method  with  a  test  coil  of  about  10  sq.  cm.  area  having 
30  turns.  The  coil  was  placed  between  the  poles  of  the  electromagnet, 
and  by  means  of  a  rubber  band  quickly  rotated  through  a  half  revolution 
when  a  release  was  operated.  Throws  from  the  test  coil  were  compared 
with  throws  from  a  standard  mutual  inductance  coil,*  the  coefficient  of 
which  had  been  accurately  determined.  The  primary  current  in  the 
comparison  coil  was  measured  by  means  of  a  standard  resistance  and 
potentiometer.  In  order  to  obtain  a  definite  strength  of  field  with  any 
given  current  the  magnet  was,  at  the  beginning  of  any  determination, 

>  A  simDar  method  of  obtaining  H  In  galvanometer  fields  bai  been  Buggested  by  White 
(Phys.  Rbv.,  33. 1906,  pp.  390-393).  who  gives  an  equationforauchadeteiminatlon.  Some  of 
the  quantitlcB  entering  into  the  equation  are.  however,  difficult  to  obtain  or  to  estimate  with 
certainty.     According  to  WUte,  the  error  arlung  from  the  use  of  his  formula  ' '  seldom  exceeds 
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subjected  to  several  cycles  of  hysteresis,  after  which  the  current  was 
increased.  The  demagnetizing;  current  necessary  to  overcome  the  coer- 
cive force  of  the  iron  was  accurately  determined,  so  that  zero  field  could 
be  obtained  at  will.  The  magnetization  curve  was  carefully  drawn  to  a 
large  scale,  and  from  it  were  taken  the  field  values  with  which  the  results 
of  the  damped  coil  method  were  compared. 

For  the  measurements  of  field  intensities  by  the  damped 
coil  method  the  arrangement  shown  in  the  figure  was  used. 
This  consists  simply  of  a  brass  box  for  supporting  a 
d'Arsonval  galvanometer  coil  {Leeds  and  Northrup,  type 
H  or  P)  with  its  upper  and  lower  suspensions.  The  lower 
B  part  is  square  with  one  side  covered  with  glass,  the  upper 
part  is  tubular.  The  top  post  is  insulated  by  the  plug  F, 
and  A  and  B  are  the  binding  post  connectors.  The  box 
was  supported  by  a  non-magnetic  clamp  in  the  space  where 
the  magnetic  field  was  to  be  measured.  The  galvanometer 
coi'  (395  turns,  4.85  X  1.69  cm.)  with  its  suspension  had 
a  resistance  of  121. 7  ohms.  The  desired  displacements  of 
the  coil  were  obtained  by  sending  through  it  one  or  more 
discharges  of  a  J-^  mf.  condenser  charged  by  a  cell.  The 
coil  could,  by  means  of  a  double-throw  switch,  be  thrown 
at  will  into  the  condenser  or  resistance  circuit.  It  is  es- 
sential to  have  the  suspensions  free  from  torsion  when  the 
coil  is  in  the  null  position,  which  is  accomplished  by  first 
suspending  it  from  the  upper  suspension  alone. 

The  readings  for  logarithmic  decrements  were  obtained 
by  means  of  a  telescope  and  circular  scale  of  50  cm.  radius, 
placed  at  a  distance  of  50  cm.  from  the  mirror.  Periods 
were  measured  by  means  of  a  rated  stopwatch.  The  mo- 
ment of  inertia  of  the  coil  was  found  by  comparing  its 
p^-  ]  period  with  that  of  an  accurately  turned   brass  disk  of 

approximately  the  same  mass,  each  in  turn  suspended  by 
means  of  the  same  1.5-mil  phosphor  bronze  fiber,  h  was  found  to  be 
3.20  C.G.S.  units,  and  the  factor  K,  34.80. 

A  comparison  of  the  results  obtained  for  a  series  of  fields  by  the  two 
methods  is  given  in  the  last  two  columns  of  the  accompanying  table. 
The  other  columns  give  data  in  connection  with  the  damped  coil  method. 
The  values  given  for  H,  as  obtained  by  this  method,  are  in  each  case  the 
average  of  three  determinations  with  different  resistances  in  the  circuit. 
Only  one  of  these  resistances  and  the  corresponding  value  of  A  is  given 
for  each  field.  The  three  determinations  for  every  field  were  in  agree- 
ment to  a  fraction  of  one  per  cent. 
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0.0998 

7.948 

.01102 

121.7 

.01170 

3.404 

4.4  (about) 

0.1199 

7.945 

.01101 

i21.7 

.02242 

14.54 

16.5  (about) 

0.1885 

7.967 

.01128 

121.7 

.18720 

57.0 

57.0 ; 

0.263 

7.974 

.01190 

621.7 

.1277 

104.5 

105.7 

0.332 

7.948 

.01278 

1,122 

.1399 

147.4 

148.5 

0.414 

7.890 

.01413 

1.622 

.1747 

199.8 

199.0 

0.566 

7.478 

.01742 

3,500 

.1708 

294.7 

295 

0.983 

6.91J 

.03060 

10,000 

.2026 

548.5 

542 

1.421 

6.428 

.04614 

20.000 

.2079 

780 

770 

1.854 

6.128 

.06196 

40.000 

.1800 

966 

964 

2.350 

5.891 

.07769 

50,000 

.2025 

1.133 

1,143 

3.500 

5.M0 

.09800 

100.000 

:1892 

1.400 

1.405 

4.330  . 

5.503 

.10678 

100.000 

.2129 

1.528 

1,503 

Not  considering  the  first  two  weakest  fields  given  in  the  table  for 
which  the  ballistic  method  gave  only  approximate  values,  it  is  seen 
that  the  results  of  the  two  methods  are  in  as  good  agreement  as  the 
accuracy  of  the  ballistic  method  allows. 

VII.  Summary. 
Briefly,  the  foregoii^  pa[>er  is  a  presentation  of  the  following: 

1.  Derivation  of  an  equation  for  the  intensity  of  a  magnetic  field  in 
terms  of  quantities  readily  obtmnable  by  observations  upon  a  suspended 
coil  vibrating  in  the  field  with  damped  periodic  morion. 

2.  Derivarion  of  a  similar  equation,  depending  upon  critical  damping; 
and  an  application  of  the  term  "logarithmic  decrement"  to  critically 
damf)ed  motion  of  a  movii^  coil. 

3.  Experimental  verification  of  the  equations,  showing  that  the  method 
depending  upon  damped  periodic  motion  may  be  applied  with  an  accuracy 
of  at  least  i  per  cent,  to  the  measurement  of  fields  ranging  from  a  few 
lines  to  at  least  1,500  lines  per  cm.,  usii^  the  same  coil  over  the  entire 
range. 

Physical  Labobatoky. 

Thb  UHtvnstry  o»  Minnbsota. 
October  1. 1913. 
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PROCEEDINGS 

OF  THE 

American  Physical  Society. 

Minutes  op  the  Sixty-Eighth  Meeting. 

A  REGULAR  meeting  of  the  Physical  Society  was  held  in  Fayerweather 
Hall,  Columbia  University,  New  York,  on  Saturday,  October  18,  1913. 

Vice-president  Merritt  presided  at  the  meeting. 

At  the  morning  session  the  following  papers  were  presented: 

The  Vapor  Pressure  of  Metallic  Tungsten.     Irving  Languuik. 

The  Form  of  the  Ionization  by  Impact  Function  alp  ~  f(xlp).  Bekcen 
Davis.  ' 

Change  of  State  Solid-Liquid  at  High  Pressure.     P.  W.  BsiDGMAN. 

Notes  on  Some  Integrating  Methods  in  Alternating  Current  Testing. 
Fredekick  Bedell. 

Silvered  Quartz  Fibers  of  Low  Resistance  Obtained  by  Cathode  Spray. 
Horatio  B.  Wiluams. 

The  Critical  Ranges  A2  and  ^^3  of  Pure  Iron.  G.  K.  BURCESS  and  J.  J. 
Crowe. 

A  Spectrophoto metric  Study  of  the  Absorption,  Fluorescence  and  Surface 
Color  of  Magnesium-Platinum  Cyanide.     FRANCES  G.  WiCR. 

Examination  of  the  Omnicolore  Screen  Plate  by  Means  of  Microscope  and 
Spectroscope,    John  B.  Taylor. 

Relativity  Theory;  General  Dynamical  Prindplea.  (By  title.)  Richard 
C.  Tolman. 

The  Hall  Effect  in  Liquid  and  Solid  Mercury.     W.  N.  Fbnningeb. 

Failure  of  Color  Photography  by  Commercial  Screen-Plate  Methods  for 
Spectroscopic  Records.    John  B,  Taylor. 

Some  Experiments  on  the  Magnetic  Field  of  Two  Electromagnets  in  Rota* 
tion,    S.  J.  Barnett. 

(Adjourned  at  1:00  P.  M.  for  lunch.) — ^Afternoon  Session. 

An  Electrolytic  Determination  of  the  Ratio  of  Silver  to  Iodine  and  the 
Value  of  the  Faraday.    G.  W.  Vinal  and  S.  J.  Bates. 

Effect  of  Amalgamation  on  the  Contact  E.M.F.  of  Metals.    F.  J.  Rogers. 

Relativity  Theory;  The  EquipartitJon  Law  In  a  System  of  Particles.  (By 
dtle.)    Richard  C.  Tolman. 
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Condition  Involving  a.  Decrease  of  Primary  Current  with  Increasing 
Secondary  Current.     F.  J.  Rogers. 

The  Effect  of  Space  Charge  and  Residual  Gases  on  the  Thermionic  Current 
in  a  High  Vacuum.     Irving  Lancuuir. 

It  was  voted  to  approve  the  recommendation  of  the  Council  that  in  the 
case  of  the  annual  meeting,  the  Washington  meeting  and  the  Chicago  meeting 
a  local  committee  be  given  charge  of  the  program  for  one  half-day  session, 
the  appointment  of  this  committee  to  be  made  by  the  president  of  the  Society. 

Adjourned  at  4:30. 

Alfred  D.  Colb, 
Secretary, 

Change  of  State  Solid-Liquid  at  High  Pressures.' 
Bt  p.  W.  Bridghan. 

THE  melting  temperature  and  the  difference  of  volume  between  liquid 
and  solid  has  been  measured  as  a  function  of  pressure  for  the  following 
eleven  substances:  potassium,  sodium,  carbon  dioxide,  chloroform,  anilin, 
nitrobenzol,  diphenylamine,  benzol,  carbon  tetra-chloride,  orthokresol,  and 
phosphorus.  The  range  of  the  experiments  is  from  0°  to  zoo",  and  up  to 
13,000  kgm/cm*.  The  melting  curves  (melting  temperature  against  pressure) 
all  are  concave  toward  the  pressure  axis,  the  curvature  becoming  less  at  the 
higher  pressures.  The  change  of  volume  curves  are  also  all  similar  to  each 
other,  but  are  different  from  the  melting  curves  in  that  they  are  all  convex 
toward  the  pressure  axis.  These  two  facts,  together  with  Clapeyron's  equation, 
indicate  that  at  still  higher  pressures  we  are  to  expect  neither  a  maximum 
nor  a  critical  point,  but  that  in  al|  probability  the  melting  curve  continues  to 
rise  indefinitely. 

In  addition  to  the  experiments  on  the  transition  liquid-solid,  new  allotropic 
modifications  of  the  solid  were  found  for  four  of  the  substances.  Benzol 
and  orthokresol  have  one  new  form  stable  at  high  pressures,  carbon  tetra-  ' 
chloride  has  two  new  forms,  and  there  are  two  new  forms  of  phosphorus,  one 
of  which  changes  reversibly  into  the  ordinary  yellow  phosphorus  under  the 
proper  conditions,  but  the  other  is  obtained  from  the  yellow  variety  by  an 
irreversible  reaction  at  high  pressures  and  temperatures,  and  is  stable  under 
atmospheric  conditions.  This  new  form  is  in  appearance  like  graphite,  and 
has  the  density  3.60. 
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Silvered  Qdartz  Fibers  op  Lov  Resistance  Obtained  by 
Catbodb  Spkat.i 

By  Horatio  B.  Wiluams. 

LOW  re^stance  quartz  fibers  suitable  for  use  in  the  Einthoven  galvanom- 
eter and  similar  instruments,  are  usually  prepared  by  chemical  silver- 
ing. Such  deposits  are  rough  and  the  amount  of  silver  is  high  in  proportion 
to  the  conductivity.  Cannegieter  has  shown  that  smooth  fibers  can  be  pro- 
duced by  deposition  of  a  cathode  film,  followed  by  electroplating.  By  the 
method  here  outlined,  fibers  of  low  resistance  can  be  obtained  by  the  cathode 
Bpray  alone,  thus  diminishing  the  number  of  manipulations  and  avoiding  all 
contact  with  chemical  solutions.  The  cathode  is  of  pure  sheet  silver  bent  to 
a  half  cylinder.  The  fibers  are  held  in  the  discharge  tube  on  a  glass  frame  to 
which  they  are  cemented  with  hot  shellac.  The  tube  is  several  times  exhausted 
to  .01  mm.  and  rinsed  with  dry  electrolytic  hydrogen.  Discharge  is  main- 
tained at  .01  ampere  with  voltage  from  1,200  to  1,500.  Direct  current  is 
supplied  by  two  small  generators  with  armatures  connected  in  series  and  fields 
separately  excited.  Much  gas  seems  to  be  occluded  during  the  discharge 
and  a  small  stream  of  hydrogen  is  allowed  to  leak  in  steadily,  maintaining 
the  current  constant.  The  time  of  discharge  varies  with  the  thickness  of  film 
desired.  A  fiber  140  mm.  long,  .002  mm.  finished  diameter  with  a  resistance 
of  2,700  ohms  was  obtained  by  exposure  for  three  hours.  The  fibers  are  micro- 
scopically smooth  and  the  coating  is  very  compact,  uniform  and  strongly 
adherent.  A  liquid  air  block  between  the  discharge  tube  and  the  other  parts 
of  the  apparatus  insures  uniform  success,  but  good  results  can  sometimes  be 
secured  without  it. 


The  Effect  op  Space  Cbarge  and  Residual  Gases  on  the  Thekmionic 
Current  in  High  Vacuum.' 

By  Ikving  Langmuis. 

THE  mutual  repulsion  of  electrons  (space  charge)  in  a  space  devoid  of 
positive  ions  limits  the  current  that  flows  from  a  hot  cathode  to  a  cold 
anode.  For  parallel  plane  electrodes  of  infinite  extent,  separated  by  the 
distance  x,  and  with  a  potential  difference  v  between  them,  the  maximum 
current  (per  unit  area)  that  can  flow  if  no  positive  ions  are  present  ts 
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For  the  analogous  case  of  an  infinitely  long  hot  wire  placed  concentrically 
within  a  cylindrical  anode  of  radius  r,  the  maximum  current  per  unit  length  Is 
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when  (3  varies  from  o  to  i,  according  to  the  diameter  of  the  wire,  but  for  all 
wires  less  than  one  tenth  of  the  diameter  of  the  anode,  0  is  extremely  close  to 
unity. 

Experiments  show  that  in  a  very  high  vacuum  (pressure  less  than  .0001 
mm.)  and  with  electrodes  which  do  not  give  off  gas  the  space  charge  limitation 
often  prevents  the  thermionic  currents  from  exceeding  a  few  milliamperes. 
Pressures  of  gas  as  high  as  .001  mm.  with  voltages  above  40  volts  usually  lead 
to  the  formation  of  sufficient  positive  ions  to  neutralize  the  effect  of  space 
charge. 

The  presence  of  low  pressures  of  most  gases  (.001  mm.  or  less)  greatly 
decreases  the  electron  emission  from  tungsten.  This  effect  is  especially 
marked  at  lower  temperatures  and  tends  to  disappear  at  very  high  tempera- 
tures. This  results  in  an  increase  in  the  value  of  b  of  Richardson's  equation 
produced  by  practically  all  gases  except  the  group  of  inert  gases. 

The  proper  conditions  for  obtaining  the  normal  thermionic  current  from 
heated  metals  are  discussed.  This  electron  emission  is  found  to  be  a  true 
property  of  the  pure  metal  and  is  not  due  to  secondary  chemical  effects.  For 
tungsten  the  thermionic  current  vanes  with  the  temperature  in  full  accordance 
with  Richardson's  equation  with  the  following  constants: 

a  —  34  X  10*  amps,  per  sq.  cm., 
b  -  55,500. 

Pure  electron  currents,  of  even  several  tenths  of  an  ampere  without  any 
perceptible  positive  ionization,  are  thus  readily  obtained.  No  disintegration 
of  the  cathode  occurs  under  these  conditions. 

The  effect  of  nitrogen  in  decreasing  the  thermionic  current  depends  on  the 
voltage  of  the  anode.  In  many  cases  much  less  current  is  obtained  at  high 
than  at  lower  voltages. 

The  following  theory  is  in  full  accord  with  the  observed  phenomena:  The 
effect  of  gases  in  changing  the  saturation  current  is  due  to  the  formation  of  a 
film  of  an  unstable  compound  on  the  surface  of  the  metal.     The  extent  to  which 
the  surface  is  covered  depends  on  the  relative  rates  of  formation  and  of  de- 
struction of  the  film.    The  film  may  be  formed  by  direct  reaction  of  the  metal 
with  the  gas  or  be  produced  by  the  bombardment  of  the  metal  by  positive  ions. 
The  iilm  is  destroyed  by  decomposition,  volatilization,  or  cathodic  sputtering 
(bombardment  by  positive  ions). 
RBSsiuicR  Laboratory, 
Gbnbral  Elbctkic  Co., 
scbknbctady,  n.  y. 
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Notes  on  Some  Integrating  Methods  in  Alternating 
Current  Testing.' 


AN  alternating  current  or  voltage  can  be  measured  by  a  direct  current 
instrument  or  galvanometer  of  the  D'Areonval  typ>e  if  a  synchronous 
commutator  is  interposed  between  the  circuit  and  the  instrument.  The 
reading  of  the  instrument  is  the  integral  of  the  alternating  current  for  half  a 
period,  the  limits  of  the  integral  being  determined  by  the  setting  of  the  brushes 
on  the  commutator.  The  brushes  may  be  shifted 'so  as  to  shift  the  half  period 
over  which  the  integral  is  taken.  In  this  way  successive  instantaneous  values 
may  be  found  of  one  quantity  the  value  of  which  depends  upon  the  integral 
of  the  quantity  directly  measured.  For  example,  if  the  quantity  measured 
by  means  of  the  commutator  and  galvanometer  is  the  current  flowing  in  a 
condenser,  the  successive  readings  of  the  galvanometer  are  proportional  to 
the  instantaneous  values  of  the  charge  q  of  the  condenser,  since  9  =  ji^t. 
The  integral  readings  of  condenser  current  for  any  setting  of  the  brushes  gives 
the  instantaneous  value  of  q  at  the  moment  of  commutation.  Since  potential 
tr  is  proportional  to  q,  this  gives  a  method  for  determining  the  wave-form  of 
potential.  If  the  potential  is  taken  across  the  terminals  of  a  non-inductive 
resistance,  the  wave-form  of  current  is  determined. 

This  condenser  current  method  for  determining  wave-form  is  much  more 
sensitive  and  has  a  much  wider  range  than  various  time^honored  point-by- 
point  methods.  In  this  and  in  other  integrating  methods'  variation  in  com- 
mutator resistance  may  be  a  source  of  error  which  may  be  reduced  by  per- 
fecting the  apparatus  or  may  be  made  ineflective  by  choice  of  method. 

COBNBU.   UNIVBKSmr, 
ITBACA.    N.   Y. 


The  Critical  Ranges  A2  and  A3  op  Pure  Ikom.i 
Bt  G.  K.  BumoBss  and  J.  J.  Caowx. 

IN  spite  of  a  great  amount  of  experimental  work  and  even  more  theorizing, 
the  question  of  the  allotropy  of  iron  is  not  yet  satisfactorily  settled. 
The  separate  existence  of  the  lower  critical  range  A2  has  been  seriously  ques- 
tioned by  several  recent  writers;  nevertheless  all  the  physical  properties  of 
iron  which  have  been  studied,  with  the  single  notable  exception  of  crystallo- 

'  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society,  October 
18,  1913. 

*For  a  detailed  deacrlption  of  these  methods,  see  the  following  papers  by  P.  Bedell:  "Con' 
denser  Current  Method  for  the  Determinaticm  of  Alternating  Wave  Porin,"  The  Electricaf 
World.  August  33,  1913;  "The  Use  of  the  SyDchronous  Commutator  in  Alternating  Current 
Measuienients,"  Journal  o(  tbe  Franklin  Institute,  October,  ipis 
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graphic  structure,  have  shown,  in  the  hands  of  one  or  more  skilirul  experi- 
menters, a  distinct  discontinuity  for  the  lower  critical  range  A2  as  well  as  for 
the  upper  A3  range.  For  several  of  the  phenomena,  such  as  electrical  re- 
sistance, thermo-electricity,  specific  heat,  and  magnetism,  it  would  appear 
that  the  discontinuity  is  at  least  as  great  for  A2  as  for  ^43,  while  the  thermal 
effect  has  of  course  been  long  recognized  as  being  much  the  more  pronounced 
at  Ai. 

This  investigation  consisted  in  taking  In  vacuo  some  130  heating  and  cooling 
curves  by  two  methods  simultaneously,  the  inverse  rate  and  differential  for 
15  samples  of  pure  iron  prepared  by  various  methods  and  analyzed  by  several 
chemists.  Unusual  precautions  were  taken  to  secure  uniformity  of  heating 
of  the  samples,  and  it  was  also  possible  to  take  observations  for  samples  of 
widely  different  mass  and  over  a  wide  range  of  rates  each  maintained  strictly 
constant.  Two  furnaces  were  used  and  temperatures  were  taken  with  hx 
separately  calibrated  thermocouples.  The  observations  show  that  in  order 
to  get  consistent  and  reliable  results  in  the  thermal  analysis  of  a  substance 
such  as  iron,  the  properties  of  which  are  so  readily  susceptible  to  many  minor 
influences,  it  is  necessary  to  get  rid  of  all  the  disturbing  influences. 

We  find  essential  the  following  precautions: 

1.  The  iron  should  be  pure;  our  purest  samples  were  99.983  and  contained 
0.003  pc<'  cent,  carbon  or  less;  and  it  should  be  kept  pure  by  heating  it  only  in 
vacuo;  a  pressure  of  o.oi  mm.  Hg  suffices. 

2.  Either  the  occluded  gases  should  be  removed  by  premelting  the  iron, 
preferably  in  vacuo,  or  it  will  in  general  be  found  necessary  to  take  a  series  of 
heating  and  cooling  curves  at  widely  different  rates,  in  order  to  determine 
correctly  the  location  of  the  critical  ranges  A^  and  A2. 

3.  The  iron  should  be  in  a  single  piece  entirely  surrounding  and  in  contact 
with  the  thermocouple  junction,  otherwise  the  thermocouple  will  integrate 
the  irregular  progress  of  the  heat  through  the  sample  and  the  curves  will  lose 
their  sharpness;  small  samples  (i.o  gram  or  so)  give  sharper  results  than  large 
samples. 

4.  The  interval  of  recording  temperatures  should  be  wide  enough  that 
sufficient  sensibility  is  attained  and  narrow  enough  that  the  contour  of  the 
curves  is  not  distorted;  we  have  found  a  2°  interval  satisfactory. 

5.  The  sensibility  of  the  apparatus  indicating  temperature  and  differences 
of  temperature  should  be  of  the  order  of  0.01  degree  and  time  should  be 
measured  to  better  than  0.2  second. 

Among  the  results  of  this  investigation  may  be  mentioned  the  demonstration 
that  the  inverse  rate  and  differential  methods,  the  latter  plotted  as  the  derived 
differential  curve,  give  identical  results  of  the  same  sensibility  for  the  critical 
ranges,  and  the  two  sets  of  curves  are  strictly  similar,  save  for  minor  particulars. 

The  plotted  curves  give  what  seems  to  us  conclusive  evidence  of  the  inde- 
pendent existence  of  A2  and  A2,  all  of  the  130  curves  without  exception 
showing  both  these  critical  ranges  sharply  defined  and  unquestionably  distinct. 
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It  was  fouad  impossible  to  eliminate  or  attenuate  A2  by  thermal  treatment. 
The  A2  transformation  has  not  a  double  cusp,  nor  do  there  appear  to  be  other 
transformations  above  Az  and  below  A2  between  300"  and  1050",  With 
electrolytic  iron,  unless  the  sample  has  been  premelted  into  a  compact  mass, 
erratic  results  will  be  obtained  for  both  ^43  and  A2,  the  location  of  the  critical 
points  apparently  depending  in  the  main  upon  the  rate  of  heating  or  cooling. 
The  critical  points  may  even  be  displaced  by  over  50°.  It  is  possible,  how- 
ever, to  reduce  the  observations  on  untreated  electrolytic  iron  to  exactly  the 
same  temperature  basis  as  the  gas-free,  compact  material  by  taking  curves 
at  several  rates  and  reducing  to  zero  rate.  This  would  appear  to  indicate  that 
the  gases  occluded,  mainly  hydrogen,  play  no  essential  chemical  rdle  in  modi- 
fying the  iron  equilibrium. 

Even  with  gas-free  iron  the  A^  point  is  not  entirely  independent  of  the 
rate  of  heating  or  cooling,  so  that  it  is  necessary  to  reduce  the  observations  to 
zero  rate  in  order  to  obtain  correct  results  for  Ac2  and  Ar^.  The  range  in  the 
location  of  Ar^,  for  example,  with  premelted  samples  was  found  to  be  876"  C. 
at  0.155  deg./secs.  to  897°  C.  at  zero  rate. 

All  preparations  of  pure  iron,  even  those  containing  gases,  when  reduced 
to  the  common  basis  of  zero  rate  of  heating  or  cooling,  have  the  same  maximum 
for  the  A2  critical  range,  namely,  A2  ■■  Acs  —  Ar2  "  768°  ^  0.5.  All  but 
one  of  the  15  samples  gave  this  result  to  within  2",  the  other  to  3°. 

Similarly  for  zero  rate,  the  value  of  the  maxima  of  A^  are  found  to  be 
Aci  -  909°  ±  I  and  Ar^  -  898°  *  2. 

It  was  not  possible  to  infer  a  single  equilibrium  temperature  Ae2  from 
these  experiments,  the  ^c3  transformation  on  heating  always  being  at  a  higher 
temperature  than  Ar^,  the  transformation  on  cooling. 

It  was  found,  however,  that  the  beginning  of  Ac^  coincides  in  temperature 
with  the  beginning  of  ^r3  as  closely  as  could  be  judged.  It  is  as  if  the  crystallo- 
graphic  change  at  .^3  required,  so  to  speak,  a  temperature  inertia  to  complete 
itself  both  on  heating  and  on  cooling,  although  the  effect  of  rate  on  the  equi- 
librium appears  to  be  slightly  the  greater  on  cooling. 

It  is  possible  that  the  A^  transformation  is  somewhat  more  complex  than 
this  as  there  are  indications  from  some  of  the  heating  curves  of  a  doubling  of 
Aci  although  not  of  Ar^.     This  effect  may  be  fortuitous. 

The  relative  amounts  of  heat  accompanying  the  two  transformations, 
A3  and  A2,  is  approximately  ■*■  to  ^  respjctively. 

An  examination  of  some  of  the  heating  curves  will  perhaps  give  the  erroneous 
impression  that  Ac2  is  an  evolution  rather  than  an  absorption  of  heat.  The 
swing  back  at  the  maximum  is  very  abrupt  following  what  appears  to  be  a 
gradual  building  up  of  this  maximum  from  an  indeterminate  low  temperature. 
This  behavior  would  be  in  accordance  with  the  gradual  change  in  certain 
physical  properties,  such  as  magnetism  and  electrical  resistance,  as  A2  is 
approached.  On  the  other  hand,  the  operations  carried  out  on  sample  F2 
failed  to  diminish  sensibly  the  intensity  of  Ac2,  which  would  imply  that  this 
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thermal  transformatiDn  is  limited  to  a  narrow  temperature  interval;  also 
eome  of  the  curves  of  Ac^  show  that  this  long  back  swing  appears  to  be  io 
part  at  least  a  property  of  the  heating  conditions.  The  shading  off  on  cooling 
through  Ar2,  if  this  effect  is  a  real  one,  might  be  marked  by  a  similar  swing 
back  from  this  peak,  and  therefore  be  indistinguishable. 

We  hesitate  to  express  an  opinion  on  the  nature  of  the  allotropy  of  Iron. 
The  fact  that  A2  appears  to  be  accompanied  by  no  crystallographic  change, 
such  as  accompanies  Az  requiring  a  violent  rearranging  of  relatively  lai^e 
crystal  masses  and  involving  a  considerable  quantity  of  heat,  may  account 
for  the  sharpness  with  which  Ac2  equals  An,  and  the  A2  transformation  may 
be  merely  molecular  not  involving  the  crystallographic  structure  as  such. 
Whether  we  have  any  j3  iron  or  not  to  inhabit  the  region  between  A2  and  ^43 
will  depend  on  our  definition  of  allotropy,  but  we  hope  that  we  have  proved 
beyond  a  reasonable  doubt  that  under  standard  conditions  there  is  a  definite 
transformation  at  768°  and  a  less  well  defined  although  more  intense  one  at 
998°  to  909'  in  terms  of  their  maxima  on  cooling  and  heating,  respectively. 
BiTRBAU  ow  Standards, 
Washincton. 

■.  1913. 
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A  POWERFUL  RONTGEN  RAY  TUBE  WITH  A  PURE 
ELECTRON  DISCHARGE. 

Br  W.  D.  CooLiDGE. 

§  I.     Introduction. 

IN  an  earlier  publication  attention  has  been  called'  to  the  use  of  wrought 
tungsten  for  the  anticathode,  or  target,  of  a  Ritntgen  tube  of  the 
ordinaTy  type.  In  the  development  of  this  target  many  different  designs 
were  made  and  mounted  in  tubes,  and  these  tubes  were  operated  on 
what  was  then  the  most  powerful  R&ntgen  apparatus  on  the  market, 
a  10  K.W,  transformer  coupled  to  a  mechanical  rectifying  device.  The 
operation  of  tubes  in  this  manner,  to  see  how  much  energy  it  took  to  ruin 
the  tai^et,  gave  perhaps  an  unusual  viewpoint.  When,  as  a  result  of 
these  experiments,  a  satisfactory  form  of  tai^et  had  been  developed,  the 
writer  became  interested  in  studying  the  remaining  limitations  in  the 
tube.    Some  of  these  limitations  are  the  following: 

1.  With  low  discharge  currents  the  vacuum  gradually  improves,  with 
a  consequent  increase  in  the  penetrating  power  of  the  rays  produced. 

2.  With  high  discharge  currents  there  are  very  rapid  vacuum  changes, 
sometimes  in  one  direction  and  sometimes  in  the  other. 

3.  If  a  heavy  dischai^e  current  is  continued  for  more  than  a  few 
seconds  the  taiget  is  heated  to  redness  and  then  gives  off  so  much  gaa 
that  the  tube  may  have  to  be  reSxhausted. 

4.  If  the  temperature  of  the  standard  copper-backed  target  is  allowed 
to  get  up  to  bright  redness,  a  rapid  deposition  of  metallic  copper  begins 
to  take  place  on  the  bulb,  continuing  for  some  time  after  the  cutting  off 
of  the  current,  owing  to  the  very  slow  rate  of  cooling  from  such  tempera- 
tures in  the  evacuated  space. 

5.  Of  the  tubes  tested,  very  many  have  failed  from  cracking  of  the 

>  Coolidge,  Tran*.  Am.  Init.  E.  E.,  June,  igii,  pp.  8TO-S71. 
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glass,  and  this,  with  one  exception,  always  at  the  same  point;  that  is,  in 
the  zone  around  the  cathode.  In  many  cases  there  has  first  been  chipping- 
out  of  the  glass  from  the  inner  surface  of  the  tube  at  this  point. 

6.  The  focal  spot  on  the  target  in  many  tubes  wanders  about  very 
rapidly.'  In  many  cases  where  it  does  not  show  a  tendency  to  wander, 
it  will  be  found  after  a  heavy  discharge  to  have  permfmently  changed 
its  location. 

7.  While  it  is  relatively  easy  to  lower  the  tube  residtance  by  means  of 
the  various  gas  regulators,  it  is  a  relatively  slow  matter  to  raise  it  much. 

8.  With  very  heavy  discharges,  the  central  portion  of  the  usual  massive 
aluminum  cathode  melts,  and  the  molten  globules  so  formed  are  shot 
right  across  the  tube,  flattening  themselves  out  on  the  glass  and  sticking 
to  it.  When  the  melted  area  is  small,  no  harm  is  done  except  that  the 
curvature  of  the  cathode  at  this  point  may  be  changed,  and  the  focal 
spot  may,  in  consequence,  be  moved. 

9.  No  two  tubes  are  exactly  alike  in  their  electrical  characteristics. 

10.  The  characteristics  are  in  general  far  from  ideal,  in  that  the  pene- 
trating power  of  the  Rdntgen  rays  produced,  changes  with  the  magnitude 
of  the  discharge  current. 

1 1 .  When  operated  on  a  periodically  intermittent  current,  even  though 
it  be  of  constant  potential,  the  tube,  of  necessity,  gives  a  very  hetero- 
geneous bundle  of  primary  Rfintgen  rays,  for  the  reason  that  the  break- 
down voltage  of  the  tube  is  much  higher  than  the  running  voltage.* 

It  was  found  that  limitations  3  and  4  could  be  removed  by  the  use  of  a 
massive  all-tungsten  (in  place  of  the  usual  copper-backed)  target. 
Such  a  target  can  be  run  continuously  at  intense  white  heat.  Aside 
from  eliminating  the  troubles  incident  to  the  use  of  copper,  the  all- 
tungsten  target  does  not  change  the  general  characteristics  of  the  tube. 

An  attempt  was  made  to  remove  limitation  8,  imposed  by  the  low 
melting  point  of  aluminum,  by  substituting  for  it  a  tungsten  cathode  of 
the  same  dimensions.  Tubes  made  up  in  this  way  showed  a  behavior 
entirely  different  from  that  of  the  ordinary  tube.  They  would  have 
been  absolutely  hopeless  from  the  standpoint  of  a  practical  radiographer. 
They  were  like  the  ordinary  ROntgen  tube  which  is  in  the  condition 
which  the  radiographer  describes  as  "cranky."  Upon  passing  a  dis- 
charge current  of  any  magnitude  through  the  tube,  the  resistance  would 
quickly  rise  to  a  point  where,  even  with  an  impressed  potentifil  difference 
of  100,000  volts,  no  further  discharge  would  pass.  The  tube  could  be 
restored  to  its  original  condition  by  the  liberation  of  gas  from  the  vacuum 

>  Id  radiographic  work,  movement  of  the  focal  ipot  during  an  exposure  is  of  courae  detri- 
mental to  good  definition. 

•  See  F,  De«eauer,  Phys.  Zeitschr,,  14,  pp.  346-347  (1913). 
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regulator.  The  phenomena  would  repeat  themselves  as  often  as  one 
cared  to  make  the  experiment.  Continuous  operation  for  even  a  few 
seconds  seemed  out  of  the  question.  It  finally,  developed,  however,  that 
with  the  adoption  of  the  following  expedient,  the  situation  .changed. 
Gas  was  admitted  from  the  regulator  and  a  dischai^e  passed  through  the 
tube.  As  soon  as  the  resistance  had  risen,  more  gas  was  admitted  and 
the  tube  was  again  excited.  These  operations  were  repeated  as  rapidly 
as  possible.  With  each  excitation  of  the  tube,  the  cathode  became  hotter. 
There  was  evidently  the  same  focusing  of  the  positive  ions  bombarding 
the  cathode  as  there  was  of  the  electrons  at  the  anticathode,  for  there 
was  a  similar  localization  of  heat  at  the  two  electrodes.  A  little  conical 
depression  whidi  formed  at  the  center  of  the  cathode  showed  that,  with 
the  vacuum  range  employed,  the  positive  ion  bombardment  was,  at  least 
mainly,  confined  to  an  area  only  about  2  mm.  in  diameter.  As  soon  as 
the  cathode  had  become  heated  to  bright  incandescence,'  the  behavior  of 
the  tube  changed,  and  it  could  then  be  operated  continuously  for  at  least 
several  minutes.  Upon  interrupting  the  discharge  for  a  short  time,  and 
BO  allowing  the  cathode  to  cool,  the  "cranky"  condition  returned,  and 
the  tube  could  again  be  operated  continuously  only  after  repeating  the 
procedure  outlined  above. 

Tubes  like  the  above  with  tungsten  cathodes  showed,  upon  operation, 
a  rapid  blackening  of  the  bulb.  The  deposit  proved  to  be  metallic 
tungsten.  The  conical  depression  which  invariably  formed  at  the  center 
of  the  cathode  seemed  to  indicate  that  this  was  the  source  of  the  deposit, 
the  disintegration  of  the  metal  at  this  point  being  doubtless  dufe  to  the 
mechanical  action  of  the  positive  ions  which  bombard  it. 

The  extreme  instability  of  vacuum  attendant  upon  the  use  of  a  tungsten 
cathode  in  what  was  otherwise  a  standard  R&ntgen  tube,  called  attention 
very  forcibly  to  the  part  which  is  played  by  gases  in  the  ordinary  alu- 
minum cathode.  (The  tungsten  cathodes  used  must  have  been,  from 
their  method  of  manufacture,  relatively  very  free  from  gas.) 

A  consideration  of  the  above-mentioned  limitations  showed  that  they 
were  for  the  most  part  incident  to  the  use  of  gas  and  that  they  oiuld  * 
therefore  be  made  to  disappear  if  a  tube  could  be  operated  with  a  very 

■  The  magnitude  of  the  heattiig  effect  at  the  cathode  was  much  greater  with  tungstea  than 
it  i»  with  aluminum  calhodn.  In  one  case  the  cathode  and  the  anode,  which  functioned  also 
•1  anticathode.  were  both  made  of  tungsten,  exactly  alike  in  size  and  shape  and  syin metrically 
placed  in  the  tube  (concave  faces  towards  each  other).  On  continuous  operation,  both  ran 
kt  white  heat,  and.  as  nearly  as  the  eye  could  judge,  at  the  same  temperature.  Where  alumi- 
num is  used  as  the  cathode  material,  much  leas  heat  U  devrioped  in  the  cathode  than  in  the 
target.  WUIey  (Vernon  J.  WDley.  Archives  of  the  Roentgen  Ray,  XII.,  p.  350,  1908)  finds 
Id  tubei  of  the  ordinary  type  that  75  to  Sj  per  cent,  of  the  total  heat  evolution  In  the  tul>e. 
Indoeive  of  the  glaM  walls,  takes  place  at  the  target. 
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much  higher  vacuum.  In  this  case  the  electrons  would  have  to  be  supplial 
in  some  other  way  than  by  bombardment  of  the  cathode  by  positive 
ions. 

Richardson'  and  others  had  shown  that  electrons  might  be  produced 
by  simply  heating  the  cathode.  But  the  values  of  the  thermionic 
currents  obtained  by  different  observers  had  varied  between  wide  limits. 
so  much  so  as  to  suggest  that  a  R6ntgen  tube  based  upon  this  principle 
might  be  as  unstable  in  resistance  as  is  the  standani  tube.  Moreover, 
the  fact  that  the  substances  usually  worked  with,  platinum  and  carbon, 
are  so  difficult  to  completely  free  from  gas,  suggested  strongly  that  with 
the  cleaner  conditions  (greater  freedom  from  gas)  that  could  be  realized 
by  the  use  of  tungsten,  the  thermionic  currents  m^t  cease  altogether.' 
Some  experiments  of  Dr.  Irving  Langmuir,*  however,  on  the  thermionic 
currents  between  two  tungsten  filaments  in  a  highly  evacuated  space, 
were  very  reassuring.  According  to  his  observations,  after  a  certain 
high  degree  of  exhaustion  had  been  reached,  the  thermionic  currents 
increased,  up  to  a  certain  limiting  value,  as  the  tube  became  freer  and 
freer  from  gas. 

The  idea  of  using  a  hot  cathode  in  a  Rdntgen  tube  was  not  new,  but, 
so  far  as  the  writer  could  learn,  the  principle  had  never  been  successfully 
applied  in  a  vacuum  good  enough  so  that  positive  ions  did  not  play  an 
essential  r61e. 

Wehnelt  and  Trenkle*  had  used  a  hot  lime  cathode  for  the  production 
of  very  soft  Rontgen  rays,  working  with  voltages  from  400  to  1,000. 
Wehnelt,  in  another  article,  describes  the  use  of  his  lime  cathode  in  a 
Braun  tube,  and  here  he  says  that  it  is  not  advisible  to  employ  more  than 
1,000  volts,  as  otherwise  cathode  rays  come  off  from  that  part  of  the 
platinum  which  is  bare,  giving  bad  disintegration. 

The  RSntgen  rays  produced  by  voltages  as  low  as  1,000  are  of  course 
too  "soft"  for  the  ordinary  applications. 

Lilienfeld  and  Rosenthal*  had  described  a  ROntgen  tube  whose  pene- 
trating power  is,  they  say,  independent  of  vacuum.    Their  main  alu- 

iPtoc.  Camb.  Phil.  Soc.,  XI.,  j86  (igoa);  Proc.  Roy.  Soc..  LXXI,  pp.  4"S-4ia  (l903)- 

>  See  Goldatein,  Ann.  der  Physik.  »4,  p.  91,  iBSj.  He  finds  that  pUdnum  must  be  beated 
almost  to  its  melting  point  to  give  an  appredabU  thermioiilc  current.  Also  see  H.  A.  WUbod, 
Proc.  Roy.  Soc..  jz,  pp.  173-176  (1903).  He  concludes  with  the  following  Btatement:  "It  is 
probable  that  a  pure  platinum  wire  heated  in  a  perfect  vacuum  would  not  discharge  any 
dectricity  at  all,  either  positive  or  negative,  to  an  extent  appreciable  on  a  galvaDometer." 

•  ThU  work  is  just  being  published. 

«A.  Wehnelt  and  W.  Trenkle,  SiUungsber.  d.  Pbys.-Medic  Soc  io  Ertangeo.  37.  3i*-3>S 
(1905). 

'  J.  E.  Lltienfdd  and  W.  J.  Rosenthal.  Fortschtitt«  auf  dem  Cebiete  der  Rfintgensttahlcn. 
j8,  356-363  (tgia). 
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minum  cathode  and  their  platinum  anticathode  are  shaped  and  located 
like  the  electrodes  in  the  ordinary  R&ntgen  tube.  Besides  these  they 
have  an  anode  and  an  auxiliary  hot  cathode.  Current  from  a  low 
voltage  source  passes  from  the  hot  cathode  to  the  anode  and  this  current 
furnishes  the  positive  ions  which  by  their  bombardment  of  the  main 
cathode  liberate  electrons  from  it.  Their  tube  is  dependent  for  its 
operation  on  the  presence  of  positive  ions,  for  without  these  there  is  no 
means  provided  for  getting  electrons  out  from  the  main,  aluminum, 
cathode.  Lilienfeld  concludes  from  his  extended  experiments  in  tube 
exhaustion  that  the  complete  removal  of  all  gas  from  tube  and  electrodes 
would  not  do  away  with  positive  ions.  There  would  according  to  this 
view  be  no  such  thing  as  a  pure  electron  discharge.  Lilienfeld's  work  in 
exhausting  the  gas  from  the  tube  itself  and  from  the  glass  seems  to  have 
been  excellent,  but  according  to  the  experience  of  the  writer,  his 
electrodes  were  not  sufficiently  freed  from  gas  to  justify  the  conclusions 
drawn.  Working  even  with  tungsten  electrodes  in  a  tube  so  designed 
that  the  electrodes  could  be  heated  in  place  to  very  high  temperatures, 
the  writer  has  had  the  positive  ion  effects  persist  for  hours,  disappearing 
completely  however  as  the  electrodes  become  sufficiently  freed  from  gas. 

The  work  of  Dr.  Langmuir  had  shown  that  a  hot  tungsten  cathode  in  a 
very  high  vacuum  could  be  made  to  continuously  yield  a  supply  of 
electrons  at  a  rate  determined  by  the  temperature. 

Further  work  showed  that  very  high  voltages,  up  to  at  least  100,000, 
in  no  wise  affect  this  rate  of  emission.  For  application  to  the  fields  of 
radiography  and  fluoroscopy,  it  was  necessary  to  develop  a  satisfsictory 
method  of  focusing.  And,  finally,  the  large  amounts  of  energy  trans- 
formed into  heat  in  a  R6ntgen  tube  render  imperative  the  use  of  a  very 
heavy  target,  and  this  made  it  necessary  to  develop  methods  for  suf- 
ficiently freeing  from  gas  large  masses  of  metal. 

The  result  of  efforts  in  this  direction  has  been  entirely  successful,  and 
tubes  have  been  made,  based  upon  this  principle,  which  are  free  from  all 
of  the  above-mentioned  limitations.  This  is  of  particular  physical  interest 
because  it  brings  all  of  the  peculiarities  of  the  R6ntgen  ray  tube  into 
accord  with  the  modem  conception  of  electronic  conduction  and  gas 
molecule  decomposition  In  the  following,  it  will  be  sufficient  to  describe 
one  type  (a  focusing  tube)  and  its  characteristics,  leaving  for  later  pa[>er3 
the  description  of  other  tyjres. 

§  2.     General  DEscsiFnoN  of  the  New  Type  of  Tube. 
The  structural  features  of  the  new  tube  which  differ  from  those  of  the 
ordinary  type  are  the  following; 
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The  pressure,  instead  of  being,  as  in  the  ordinary  tube,  a  few  niicrons, 
is  as  low  as  it  has  been  possible  to  make  it,  that  is,  not  more  than  a  few 
hundredths  of  a  micron. 

The  cathode  consists  of  a  body  which  can  be  electrically  heated  (sitdf 
as  a  tungsten  or  tantalum  filament)  and,  suitably  located  with  reference 
to  this  portion,  an  electrically  conducting  ring  or  cylinder,  consistii^ 
preferably  of  molybdenum  or  tungsten  or  other  refractpiy  nietal.  The 
ring  or  cylinder  is  connected  either  to  the  heated  portion  of  the  cathode, 
or  to  an  external  source  of  current  by  means  of  which  its  potential  may  be 
brought  to  any  desired  value  with  respect  to  the  heated  portion.  The 
heated  portion  of  the  cathode  serves  as  the  source  of  electrons,  while  the 
ring  or  cylinder  assbts  in  so  shaping  the  electrical  held  in  the  neghborhood 
3{  the  cathode  that  the  desired  degree  of  focusing  of  the  cathode-ray 
stream  upon  the  target  shall  result. 

The  anticathode,  or  target,  functions  at  the  same  time  as  anode. 

The  operation  is  satisfactory  only  when  the  vacuum  is  exceedingly  high, 
so  high  that  the  ordinary  tube  would  carry  no  current  even  on  ioo,ooq 
volts. 

$  3.    Theory  of  Opbration. 

As  will  be  seen  from  the  characteristics  of  the  tube,  in  §  5,  it  gives, 
in  operation,  no  evidence  of  positive  ions.  This  makes  the  theory  of  its 
operation  exceedingly  simple. 

The  discharge  appears  to  be  purely  thermionic  in  character. 

The  rate  of  emission  of. electrons  from  the  filament  appears  to  be  in 
accord  with  Richardson's  Law,  which  says  that  the  maximum  ther- 
mionic current,  which  can  be  drawn  from  a  hot  filament  is 

where  T  is  the  absolute  temperature,  e  is  the  base  of  the  natural  system 
of  l(^^ithms,  and  a  and  b  are  constants. 

In  the  particular  tube  described  in  detail  in  this  paper,  over  the  range 
of  temperatures  and  voltages  included  in  the  data  of  Table  I.,  this  simple 
law  accounts  perfectly  for  the  conductivity  of  the  tube.  With  still 
higher  temperatures,  however,  the  discharge  currents  would  be  found  to 
increase  at  a  much  slower  rate  than  that  required  by  the  above  law. 
And  the  same  applies,  even  in  the  temperature  range  of  Table  I.,  to  a 
different  tube  design  in  which  the  distance  between  cathode  and  anode 
is  greater.  In  these  cases  the  failure  to  follow  Richardson's  Law  at  the 
higher  temperatures  has  been  accounted  for  by  Dr.  Langmuir*  by  the 
spacial  density  of  negative  electricity  in  the  neighborhood  of  the  cathode. 
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§4.    Detailed  Description  of  Tube  No.  147. 

This  description  relates  to  tube  No.  147,  which  was  used  in  getting  the 

data  for  the  following  tables.    Fig.  i  shows  a  complete  assembly,  while 


Fig.  1. 

Fig.  2  shows  an  enlai^ed  detail  of  the  cathode  and  of  the  front  end  of  the 
target. 

TheCaOiode. 

In  the  diagrams,  35  is  a  tungsten  filament  in  the  shape  of  a  flat,  closely 
wound  spiral.  It  consists  of  a  wire  0.216  mm.  in  diameter  and  334  mm. 
long  with  si  convolutions,  the  outermost  of  which  has  a  diameter  of 
3.5  mm.  It  is  electrically  welded  to  the  ends  of  two  heavy  molybdenum 
wires  14  and  15,  to  the  other  extremities  of  which  are  welded  the  two 
copper  wires  16  and  17.  These  in  turn  are  welded  to  the  platinum  wires 
18  and  19.  The  molybdenum  wires  are  sealed  directly  into  a  piece  of 
special  glass,  12,  which  has  essentially  the 
same  temperature  coefficient  of  expansion  as 
molybdenum.  This  first  seal  is  simply  to  in- 
sure a  rigid  support  for  the  hot  filament,  the 
outer  seal  being  the  one  relied  upon  for 
vacuum  tightness.     The  outer  end,  13,  of  the  F'g-  2- 

support  tube  is  of  German  glass  like  the  bulb 

itself,  and  it  is  therefore  necessary  to  interpose  at  5  a  series  of  inter- 
mediate glasses  to  take  care  of  the  difference  in  expansion  coefficients 
ttetween  12  £md  13.  The  small  glass  tube,  20,  prevents  short-circuiting 
of  the  copper  wires,  16  and  17. 

The  filament  is  heated  by  current  from  a  small  storage  battery  which 
is,  electrically,  well  insulated  from  the  ground. 

In  the  circuit  are  placed  an  ammeter  and  an  adjustable  rheostat  and, 
by  means  of  the  latter,  the  filament  current  can  be  regulated,  by  very 
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fine  steps,  from  3  to  5  amperes.  Over  this  current  range,  the  potential 
drop  through  the  filament  varies  from  1.8  to  4.6  votts  and  the  filament 
temperature  from  1890  to  2540  degrees  absolute. 

The  Focusing  Dence, 

This  consists  of  a  cylindrical  tube  of  molybdenum,  21.  It  is  6.3  mm. 
inside  diameter  and  is  mounted  so  as  to  be  concentric  with  the  tungsten 
filament,  and  so  that  its  inner  end  projects  i.o  mm.  beyond  the  plane  of 
the  latter.  It  is  supported  by  the  two  stout  molybdenum  wires,  22  and 
23,  which  are  sealed  into  the  end  of  the  glass  tube,  12.  It  is  metallically 
connected  to  one  of  the  filament  leads,  at  24. 

Besides  acting  as  a  focusing  device,  it  also  prevents  any  discharge  from 
the  back  of  the  heated  portion  of  the  cathode. 

The  Anticathode  or  Target. 

The  anticathode  or  target,  2,  which  also  serves  as  anode,  consists  of  a 
single  piece  of  wrought  tungsten,  having  at  the  end  facing  the  cathode  a 
diameter  of  1.9  cm.  (Its  weight  is  about  100  gm.)  By  means  of  a  molyb- 
denum wire,  5,  it  b  firmly  bound  to  the  molybdenum  support,  6.  This 
support  is  made  up  of  a  rectangular  strip  and,  riveted  to  this,  three 
split  rings,  ii,  ii,  ii,  all  of  molybdenum.  The  split  rings  fit  snugly  in 
the  glass  anode  arm,  7.  They  serve  the  double  purpose  of  properly 
supporting  the  anode  and  of  conducting  heat  away  from  the  rectan- 
gular strip  and  so  preventing  too  much  heat  flow  to  the  seal  of  the  lead- 
in-wire,  9. 

Th«Buib. 

This  is  of  German  glass  and  about  18  cm.  in  diameter. 

The  Exhaust. 

This  is  as  thorough  as  possible. 

For  the  earlier  tubes,  mercury  pumps  were  used,  with  a  liquid-air 
trap  between  tube  and  pump  to  eliminate  mercury  vapor.  The  whole 
tube,  while  connected  to  the  pump,  was  in  an  oven  and  was  heated  at 
iutervals  to  470°  C.  Between  heating  operations  the  tube  was  operated 
with  as  heavy  discharge  currents  as  the  condition  of  its  vacuum  would 
permit.  For  hours  the  tube  would  show  the  characteristics  of  an  ordinary 
ROntgen  tube,  and  in  many  cases  a  several  days'  application  of  the  above 
treatment  was  required  to  entirely  eliminate  these  characteristics  and  to 
realize  an  essentially  pure  electron  discharge. 

The  exhaust  time  has  been  greatly  reduced  in  two  ways.    The  massive 


Digitized  by  Google 


tS7^']  *   POWERFUL  RONTCEN  RAY   TUBE.  417 

tungsten  anode  is  given  a  preliminary  firing  to  a  very  high  temperature 
in  a  tungsten-tube  vacuum  furnace.'  The  molybdenum  support  is  ftlso 
fired,  to  a  somewhat  lower  temperature,  in  the  same  manner.  In  the 
second  place,  a  Gaede  molecular  pump  has  been  substituted  for  the 
mercury  pumps  and,  at  the  same  time,  a  very  large  and  short  connection 
has  been  ado[>ted  between  tube  and  pump. 

In  the  later  stages  of  the  exhaust  a  very  heavy  discharge  current  is 
maintained  continuously  on  the  tube  for  perhaps  an  hour,  the  tem[>erature 
of  the  bulb  being  kept  from  rising  too  high  by  the  use  of  a  fan. 

The  pressure  in  the  finished  tube  is  very. low,  certainly  not  more  than 
a  few  hundredths  of  a  micron  and  probably  much  less  than  this. 

Connections  and  Method  of  Operating. 
The  tube  was  connected  as  shown  in  the  diagram.  Fig.  3,  in  which, 
T  is  the  tube;  £  is  a  small  storage  battery;  ^  is  an  ammeter;  i!  is  an  ad- 
justable rheostat  which  can  be  controlled  from  behind  the  lead  screen 


which  shields  the  operator  from  the  Rfintgen  rays;  S  is  an  adjustable 
spark  gap  with  pointed  electrodes,  which  can  also  be  operated  from  behind 
'  A  descHptloD  of  this  furnace  will  be  published  In  the  near  future.  The  beating  dement 
conslEts  of  a  tungsten  tube  3,5  cm.  inside  diameter  and  30  cm.  long.  Thla  ia  fastened  In  an 
uptight  position  and,  by  means  of  suitable  terrolnajs.  is  connected  to  a  100  K.W.  transformer. 
The  heating  element  ia  placed  in  a  water-cooted  metal  cylinder  and  the  space  within  connected 
to  a  pump  wtilcb  maintain!,  with  the  furoace  at  Its  highest  temperature,  a  vacuum  of  a  few 
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the  lead  screen;  and  Jf  is  a  milliampere-meter  which  can  be  read  from 
behind  the  screen. 

As  the  high  potential  is  connected  to  the  battery  circuit  it  is  necessary 
that  the  latter  shall  be  thoroughly  insulated  from  the  ground. 

As  a  high  potential  source,  a  lo  K.W,  Snook  machine,  made  by  the 
ROntgen  Apparatus  Co.,  was  used.  This  consists  of  a  rotary  converter 
driven  from  the  direct  current  end  and  delivering  alternating  current  at 
150  volts  and  60  cycles  per  second  to  a  closed  magnetic  circuit  step-up 
transformer  with  oil  insulation.  From  the  secondary  of  this  transformer 
the  high  voltage  current  is  passed  through  a  mechanical  rectifying  switch 
(which  is  direct-connected  to  the  shaft  of  the  rotary)  and  the  milli- 
ampere-meter, M,  to  the  tube.  The  output  of  the  transformer  is  con- 
trolled by  a  variable  resistance  in  the  primary. 

Throughout  these  experiments  a  fan  was  kept  blowing  on  the  tube. 
Without  this  fan,  the  gas  pressures  in  the  tube  would  be  slightly  higher, 
and  the  discharge  currents  would  be  in  consequence  slightly  lower. 

§  5.    Characteristics. 
A .     No  Discharge  Current  unless  Filament  is  Heated. 
Unless  the  filament  is  heated,  the  tube  shows  no  conductivity  in  either 
direction,  even  with  voltages  as  high  as  100,000. 

B.     Tube  Allows  Current  to  Pass  in  only  One  Direction. 

The  tube  suppresses  any  current  in  the  direction  which  does  not  make 
the  hot  filament  cathode.  It  is  therefore  capable  of  rectifying  its  own 
current  when  supplied  from  an  alternating  source. 

In  the  case  of  a  focusing  tube,  however,  the  use  of  alternating  current 
will  very  considerably  lower  the  maximum  allowable  energy  input.  For 
as  soon  as  the  target  becomes  heated  at  the  focal  spot  to  a  temperature 
approximating  that  of  the  filament,  the  tube  will  cease  to  completely 
rectify  and,  as  the  temperature  of  the  focal  spot  rises,  will  allow  more  and 
more  current  to  pass  in  the  wrong  direction.  This,  to  be  sure,  will  not 
cause  either  a  harmful  vacuum  change  or  a  metallic  deposit  on  the  bulb, 
as  it  would  in  the  case  of  the  ordinary  tube,  but  it  will  give  rise  to  needless 
heating  of  the  bulb  where  it  is  bombarded  by  the  cathode  rays  from  the 
target,  and  to  disturbing  Rdntgen  rays  emanating  from  the  glass  at  this 
point.  In  the  case  of  a  tube  which  does  not  focus,  but  in  which  the 
cathode  rays  bombard  the  entire  surface  of  the  anode,  the  allowable 
energy  input  which  the  tube  will  completely  rectify  can  be  increased  to 
any  desired  amount  by  simply  increasing  the  surface  of  the  anode. 
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■C.    Discharge  Current  Determined  Primarily  by  Filament  Temperature. 

With  a  given  design,  the  amount  of  discharge  current  which  can  be 
passed  through  the  tube  is  determined  primarily  by  the  temperature  of 
the  filament,  and  responds  instantly  to  changes  in  the  same  in  either 
-direction. 

The  effect  of  both  temperature  and  voltage  on  the  discharge  current, 
in  the  case  of  tube  No.  147,  illustrated  in  Fig.  i,  may  be  seen  by  referring 
to  Table  I.,  which  gives  the  data  on  the  finished  tube  after  it  had  been 
sealed  off  from  the  pump.     The  focal  spot  was  3  mm.  in  diameter. 

In  the  table,  Column  I.  gives  the  length  in  centimeters  of  the  equivalent 
-Bpark  gap. 

Column  II.  gives  the  heating  current  (C)  in  the  filament,  expressed  in 
amperes. 

Column  III.  gives  the  filament  tem[)erature  (7^,  expressed  in  degrees 
absolute,  corresponding  to  the  values  of  C  in  Column  II.  The  temper- 
ature values  were  obtained  by  comfiarison  with  a  previously  calibrated 
tungsten  lamp. 

Column  IV.  gives  the  discharge  current  (*)  through  the  tube,  in 
inilliam[>eres. 

Column  V,  gives  the  calculated  values  of  ( —  log  i/>^  J)  to  the  base  10. 

Column  VI.  gives  calculated  values  of  (.434/^  X  lo*)- 

To  obtain  the  data  in  the  table,  the  experimental  procedure  was  as 
follows:  The  filament  current  was  first  set  at  a  predetermined  point. 
The  spark  gap  was  next  set,  also  at  a  predetermined  point.  The  tube 
was  then  excited  and  the  voltage  across  the  tube  terminals  adjusted  (by 
varying  the  resistance  in  the  primary  circuit  of  the  transformer)  until 
sparks  were  occasionally  jumping  across  the  parallel  spark  gap.  The 
dischai^  current  value  was  then  read  oif  from  the  milliammeter. 

The  filament  current  was  then  raised  t^  a  second  predetermined  value. 
This  increased  the  dischai^e  current  and  lowered  the  potential  across 
the  tube  terminals.  The  latter  was  then  raised  to  its  original  value  and 
and  the  new  discharge  current  reading  was  obtained. 

In  this  way  the  discharge  current  value,  for  a  given  voltage,  was 
brought  up  by  steps  to  the  point  where  the  tube  finally  began  to  show 
signs  of  instability.  The  temperature-current  series  was  then  repeated 
with  a  d  ifferent  voltage. 

The  values  of  discharge  current  and  temperature,  for  each  voltage, 
are  plotted  in  Fig.  4.  The  different  curves  are  seen  to  lie  very  close 
together,  showing  that  over  the  range  of  voltages  employed,  the  mag- 
nitude of  the  discharge  current  b  practically  independent  of  vott^e. 
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This  shows  that  the  current  in  these  experiments  was  always  the  satu- 
ration value.* 

According  to  Richardson,  the  relation  between  the  saturation  current 
flowing  from  a  hot  filament  and  the  absolute  temperature  of  the  hlament, 
is  expressed  by  the  equation  1  =  0*^  Te~  ?,  in  which  i  is  the  current, 
T  is  the  temperature,  and  a  and  h  are  constants  of  which  the  first  has 


"1 

* 

'■- 

^^ 

r 

w 

~ 

~ 

~ 

~ 

7 

t 

^ 

^ 

, 

V 

, 

/ 

, 

«. 

,_ 

V 

» 

w 

t 

. 

.• 

^ 

^ 

^ 

, 

"T 

r> 

S190 

Fig.  4. 

to  do  with  the  concentration  of  electrons  within  the  hot  body,  and  the 
second  represents  the  amount  of.work  required  to  get  the  electron  through 
the  surface  of  the  metal,  t  is  the  base  of  the  Naperian  system  of 
logarithms. 

Richardson*  applies  this  equation  to  his  data     y  first  taking  the 
logarithm,  to  the  base  10,  of  both  sides  of  the  equation,  which  gives 
h  , 


log  *  =  log  a  +  J  log  r  - 


rU34) 


-\q^- 


=  _  J  :434  _  log  (,_ 


which  is  the  equation  of  a  straight  line. 

■The  two  points  to  the  eztmne  right  of  the  curves  correspond  to  an  unstabtec  ondjtion 
of  the  tube.    The  InatabiUty  disappears  instanUy  upon  lowering  the  filan 
*0.  W.  Rlcbatdton,  Proc.  Camb.  Pbil.  Soc.,  n,  p.  393  <i90i). 
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Table  I. 


1. 

II. 

III. 

IV. 

V. 

VI. 

Eqnlnlant 

PUtmaat 

Pllaid«M 

DiKbarsa 

-^4 

-fx^ 

Bp»ka.p 

Currant  C 

Timp.  r 

CoritoK' 

Icm.). 

(A-p..). 

(D<Ki.  Ab..). 

(HiUlunpa.). 

4 

3.40 

2010 

1.7 

1.4212 

216.1 

3.45 

2028 

3.5 

1.1094 

214.1 

3.51 

2049 

ti.4 

.4985 

212.0 

3.60 

2077 

11,3 

.6056 

209,1 

3.66 

2088 

15.8 

.4611 

208.0 

3.67 

2104 

24.0 

.2813 

206.4 

3.71 

2116 

27.0 

.2313 

205.3 

3.73 

2121 

40.0 

.0611 

204.8 

6 

3.29 

1976 

1.6 

1.4438 

219.8 

3.43 

2020 

3.3 

1.1341 

215.0 

3.52 

2053 

6.5 

.8433 

211.5 

3.59 

2074 

10.6 

.6331 

209.4 

3.64 

2090 

15.3 

.4753 

207.8 

3.70 

2110 

22,3 

.3138 

205.8 

3.72 

2120 

28.3 

.2113 

204.9 

8 

3.27 

1970 

1.6 

1.4431 

220.4 

3.43 

2020 

2.9 

1.1902 

215.0 

3.53 

2055 

5.7 

.9005 

211.3 

3.59 

2074 

9.7 

.6716 

209.4 

3.64 

2090 

13.8 

.5201 

207.8 

3.71 

2116 

21.8 

.3242 

205.3 

3.73 

2I2I 

26.2 

.2449 

204.8 

4.07 

2240 

36,2 

.1164 

193.9 

10 

3,09 

1909 

0,6 

1.84U 

227.5 

3.31 

1980 

2.5 

1.2504 

219.4 

3.40    ■ 

2010 

4,4 

1.0081 

216.1 

350 

2046 

8.2 

.7416 

212.3 

3.57 

2070 

12.6 

.5576 

209,8 

3.67 

2104 

20.7 

.3455 

206.4 

3.65 

2096 

21.8 

.3222 

207.2 

3.71 

2116 

27.0 

.2313 

205,2 

4.13 

2259 

3S.4 

.1279 

192.3 

12 

3.28 

1973 

1.7 

1.4171 

220.2 

3.44 

2023 

3.4 

1.1215 

214.7 

3.55 

2061 

7.3 

,7937 

210.7 

3.57 

2070 

10.1 

.6537 

209.8 

3.65 

2093 

16.9 

.4325 

207.5 

3.68 

2107 

22.4 

.3116 

206.1 

3.68 

2107 

20.1 

.3586 

206.1 

14 

3.11 

1917 

1.0 

1.6413 

226.6 

3.36 

1998 

2.5 

1,2624 

217.4 

3.52 

2053 

4.5 

.  1.0030 

211.5 

3.64 

2090 

8.6 

.7255 

207,8 

3.71 

2116 

14.7 

.4954 

205.3 

3.72 

■     2120 

19.6 

.3708 

204.9 

3.73 

2121 

26.0 

.2482 

204.8 

Google 
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If  then  the  values  of  Columns  IV.  and  V,  are  plotted,  they  should  Be 
along  straight  lines,  provided  conduction  in  the  tube,  between  the  voltage 
limits  used,  follows  Richardson's  Law. 

Reference  to  the  plots.  Figs.  5  and  6,  will  show  that  the  points  are 
closely  represented  by  straight  lines.  By  reading  off  the  tangents  of 
the  angles  which  the  lines  make  with  the  horizontal  axis  we  get  the 
foUowit^  values  of  the  constant  b: 

VoltBKi  CorrHpondlD)  to  Spark  Oap  o(  Value  of  i. 

*  cm 115.000 

6  cm 93.000 

8  cm 94,000 

10  cm 71,000 

12  cm 76.000 

14  cm 60.000 

Average 85.000 

These  values  of  b  are  interesting  in  that  they  all  fall  within  the  range 
of  the  values  which  are  just  being  published  by  Dr.  Langmuir.     His 
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values  were  obtained  from  an  apparatus  in  which  the  electrodes  were 
fine  tungsteri  filaments  having  a  total  mass  perhaps  l/loo,ooo  of  that  of 
the  target  in  the  above  tube.  His  results  show  the  enormous  effect  of 
gas  on  the  value  of  fc,  and  the  conclusion  can,  therefore,  be  drawn,  that 
very  large  tungsten  masses  can  be  used  in  a  tube  without,  to  any  ap- 
preciable extent,  impairing  the  vacuum,  even  though  these  masses  may 
be  heated  close  to  their  melting  point. 
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If  the  temperature  of  the  filament  is  low,  only  a  small  number  of 
electrons  escape  from  it  and,  consequently,  only  a  small  discharge  current 
(Che  saturation  current)  can  be  sent  through  the  tube.  Increasing  the 
impressed  voltage  above  that  needed  for  this  current  value  causes  no 
further  increase  in  current.  It  simply  increases  the  velocity  of  the 
cathode  rays  and  hence  the  penetrating  power  of  the  Rfintgen  rays. 
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At  higher  filament  temperatures  there  is  a  current-limiting  factor, 
other  than  the  number  of  electrons  emitted  by  the  hot  filament,  which 
plays  a  dominating  part.  This  factor  is  the  spacial  density  of  negative 
electricity  in  front  of  the  cathode,  which  amounts,  in  effect,  to  a  back 
electromotive  force.  This  factor  would  play  a  very  important  r61e  at 
lower  voltages;  but  in  the  case  of  the  ROntgen  ray  tube  the  voltages 
involved  are  so  high  that,  in  case  a  suitable  design  13  used,  its  influence 
can  be  entirely  avoided,  as  is  shown  by  the  data  of  Table  I. 

D.  Penetrating  Power  oj  RSnIgen  Rays  Determined  by  Voltage  across  Tube 
Terminals. 

The  penetrating  power  of  the  RSntgen  rays  coming  from  the  tube 
increases  with  the  potential  difference  between  tube  terminals. 

With  the  tube  excited  from  a  variable  potential  source,  such  as  the 
transformer,  it  did  not  seem  safe  to  predict  that,  with  the  same  equivalent 
spark  gap,  the  rays  would  show,  photographically,  the  sanie  penetratii^ 
power  as  those  from  a  standard  tube.  But  upon  making  the  experiment, 
using  a  Benoist  p«ietrometer,'  it  was  found  that  they  did. 

■  M.  L.  Benoist,  C.  R.,  134,  115  (tgoa). 
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The  experiment  was  interesting  from  another  point  of  view  in  that  it 
showed  how  readilj'  the  new  tube  could  be  adapted  to  a  given  set  of 
conditions. 

An  exposure  was  made  first  with  a  standard  tube  of  the  ordinary  type, 
and  the  discharge  current  and  equivalent  spark  gap  were  noted.  A  tube 
of  the  new  type  was  then  set  up  in  place  of  the  standard.  It  was  but 
the  work  of  a  moment  to  ad  j  ust  the  new  tube  to  the  point  where  it  showed 
the  same  discharge  current  and  equivalent  spark  gap  as  the  standard 
tube.  The  radiographs  of  the  penetrometer,  made  with  the  two  tubes, 
showed  the  same  penetration  number. 

E.    Capable  of  Continuous  Operation  without  Change  of  Characteristics. 

That  the  tube  may  be  operated  continuously  without  showing  an 
appreciable  change  in  characteristics  is  shown  by  the  following  experi- 
ment on  Tube  No.  147,  illustrated  in  Fig.  1. 

The  filament  current  was  set  at  4.1  amperes.  Tfab  gave  a  disdiarge 
current  of  25  milliamperes.  The  impressed  volt^e  was  then  set  at  a 
point  where  the  tube  showed  a  7  cm.  equivalent  spark  gap. 

The  tube  was  then  run  continuously,  with  no  adjustment  of  any  kind, 
for  50  minutes.  The  readings  of  discharge  current  and  equivalent  spark 
gap,  taken  every  two  minutes,  are  given  in  Table  II. 

F.    Sharpness  of  Focus. 

Sharpness  of  focus  is  determined  mainly  by  the  design  of  the  tube.  If 
the  filament  temperature  is  such  that,  with  the  voltage  employed,  the 
discharge  current  does  not  represent  the  saturation  value,  the  size  of  the 
focal  spot  will  vary  with  the  impressed  voltage.  But  in  the  tube  shown 
in  Fig.  I,  over  the  range  of  voltages  corresponding  to  an  equivalent  spark 
gap  ranging  from  4  to  14  cm.,  the  focal  spot  does  not  vary  appreciably 
in  size. 

The  tube  may  be  made  to  focus  more  sharply  by  increasing  the  distance 
between  the  filament  and  the  front  (end  facing  the  target)  of  the  molyb- 
denum tube.  This  change  in  design  will  also  affect  the  temperature- 
current  characteristics  of  the  tube  in  the  direction  that  a  higher  filament 
temperature  will  be  needed  for  a  given  discharge  current  value. 

Similarly  it  may  be  made  to  focus  less  sharply  by  decreasii^  the  dis- 
tance between  the  filament  and  the  front  of  the  focusing  device. 

All  of  the  observations  made  are  consistent  with  the  idea  that  focusing 
is  determined  by  the  shape  of  the  equipotential  surfaces  which  may  be 
drawn  in  the  space  between  cathode  and  anode,  and  that  the  surfaces 
close  to  the  cathode  have  the  strongly  preponderatii^  influence. 
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Near  the  cathode,  the  velocity  of  the  electrons  is  relatively  small,  and 
the  direction  of  their  motion  will  therefore  conform  closely  to  the  direction 
of  the  strong  electric  force.  Near  the  anode,  on  the  other  hand,  the 
velocity  of  the  electrons  is  so  high  that  the  same  force  acting  over  the 
same  length  of  path  will  produce  but  little  deflection. 

G.  Fixity  of  Position  of  Focal  Spot. 
The  focal  spot  on  the  anode  does  not  wander,  but  remains  perfectly 
fixed  in  position.  This  is  in  sharp  contrast  to  the  ordinary  ROntgen 
tube  in  which  the  focal  spot  does  move  about,  and  often  so  rapidly  as  to  be 
noticeable  even  during  the  shortest  radiographic  exposures,'  The  effect 
of  movement  of  the  focal  spot  is,  of  course,  to  cause  in  the  radiograph 
or  on  the  screen,  a  blurring  of  all  lines  except  those  parallel  to  the  di- 
rection of  motion.  In  the  earlier  stages  of  exhaustion,  while  the  new 
tube  is  being  operated  with  a  relatively  poor  vacuum,  the  focal  spot  may 
dance  about,  but  as  the  electrodes  and  the  glass  become  freer  from  gas  the 

■  See  Dr.  P(abler.  FortBchritte  auf  dem  Gebiete  der  RCatgenstrahlen.  /*,  pp.  340-343 
(1911-1913). 
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motility  of  the  focal  spot  decreases  and  finally  disappears  completely. 
Its  disappearance  goes  hand  in  hand  with  the  disappearance  of  fluo- 
rescence of  the  glass,  discussed  in  section  /.  Movement  of  the  focal 
spot  appears  to  be  due  to  the  action  of  positive  ions  in  disturbing  the 
distribution  of  static  chaise  on  the  glass  walls  of  the  tube. 

H.    Tube  not  Sensitive  to  Considerable  Changes  in  Gas  Pressure. 

The  gas  pressure  within  the  tube  is  so  low  that  it  can  increase  several- 
fold,  and  apparently  decrease  without  limit,  without  appreciably  affecting 
the  other  characteristics. 

The  sl^ht  efFect  of  pressure  change  may  be  seen  from  the  following 
experiment : 

While  one  of  the  tubes  was  being  continuously  operated  on  the  pump, 
the  pressure,  as  indicated  by  a  McLeod  gage,  decreased  from  0.113  to 
0.035  micron.'  The  discharge  current  passing  through  the  tube  re- 
mained constant  at  3.1  millianiperes,  while  the  parallel  spark  gap  backed 
up  by  the  tube  changed  only  from  7.9  to  8.6  cm.  A  corresponding 
pressure  change  in  the  case  of  an  ordinary  Rdntgen  tube  would  bring 
about  an  enormous  change  in  current  and  voltage. 

/.     Capable  of  Continuous  Operation  with  High  Energy  Input. 
Owing  to  the  fact  that  the  tui^sten  target  can  run  at  such  a  high 
temperature,  large  amounts  of  energy  can  be  continuously  radiated. 

/.  No  Fluorescence  of  Glass. 
When  operating  properly  the  tube  shows  no  fluorescence  of  the  glass  at 
any  point.  Corresponding  to  this,  there  is  an  absence  of  the  usual  strong 
local  heating  of  the  anterior  hemisphere.  The  absence  of  fluorescence  and 
of  local  heating  seem  to  point  to  the  fact  that  there  is  no  bombardment 
of  the  glass  by  secondary  cathode  rays  sent  out  from  the  tai^t.  This  is 
in  striking  contradistinction  to  what  takes  place  in  an  ordinary  Rdntgen 
tube,  where,  in  the  case  of  a  platinum  tat^et,  it  has  been  found  that  there 
are  about  three-fourths  as  many  electrons  leaving  the  target,  and  going 
to  the  glass,  as  secondary  cathode  rays,  as  there  are  bombarding  it,  in 
tjie  form  of  primary  cathode  rays.  This  elimination  of  secondary  cathode 
ray  bombardment  prevents  the  production  of  a  large  part  of  the  useless 
and  disturbing  RQntgen  rays  which  emanate  from  the  glass  in  the  case 
of  the  ordinary  tube. 
The  absence  of  bombardment  of  ^the  glass  is  of  interest  both  theoreti- 
■  In  tbe  light  of  later  experiments  it  seems  doubtful  whether  a  further  preuure  decrease, 
no  matter  how  great,  would  have  appreciably  affected  the  tube  diaracteriitki. 
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cally  and  practically.  Other  explanations  of  the  lack  of  fluorescence 
suggested  themselves  at  first.  A  plausible  hypothesis  was  that  bombard^ 
ment  took  place,  but  that  the  surface  of  the  glass  was  much  freer  from 
gas  than  it  is  in  the  ordinary  tube  and  that  this  accounted  for  the  lack 
of  fluorescence.  But  the  fact  that  fluorescence  appears  so  suddenly  when 
a  trace  of  gas  is  evolved,  coupled  with  the  fact  that  such  fluorescence  may 
appear  in  streaks  and  that  these  may  rapidly  change  their  location,  seems 
to  disprove  the  hypothesis.  It  also  seemed  possible  at  first  that  the 
fluorescence  might  be  there,  but  that  it  could  not  be  seen  because  of  the 
strong  light  emission  from  both  filament  and  tai^et.  But  this  hypothesis 
is  disproved  by  the  fact  that  with  filament  and  target  at  their  highest 
temperatures,  fluorescence  becomes  suddenly  strongly  visible  whenever 
gas  is  liberated. 

The  simple  explanation  appears  to  be  based  upon  the  fact  that  the 
large  number  of  positive  ions  present  in  an  ordinary  Rdntgen  tube  is 
here  lacking.  The  inner  surface  of  the  glass  becomes  strongly  negatively 
chained,  when  the  tube  is  first  operated,  and,  not  being  able  to  attract 
an  appreciable  number  of  positive  ions,  remains  so.  The  presence  of 
this  negative  chaise  upon  the  glass  prevents  further  electrons,  either  in 
the  shape  of  primary  or  secondary  cathode  rays,  from  going  there. 

K.    Identity  of  Starting  and  Running  Voltage, 

The  starting,  or  break-down,  voltage  of  the  tube  is  the  same  as  the 
running  voltage.  This  is  very  different  from  the  state  of  affairs  in  the 
ordinary  tube  in  which  the  break-down  voltage  is  much  higher  than  the 
running  voltage.'  The  difference  is  to  be  explained  as  follows:  In  the 
ordinary  tube  the  number  of  ions  present  ^hen  the  circuit  is  closed  is 
exceedingly  small,  being  only  that  due  to  natural  ionization  causes,  such 
as  radioactive  matter  in  the  surroundings.  After  the  discharge  circuit 
is  closed,  the  number  of  ions  increases,  by  collision,  very  rapidly,  and 
the  voltage  across  the  tube  terminals  falls  in  consequence.  In  the  case 
of  the  new  tube,  on  the  other  hand,  the  full  supply  of  electrons  b  there 
the  instant  the  discharge  circuit  is  closed,  and  even  before  this,  and  the 
available  number  is  not  changed  by  the  discharge  current. 

L.    Permits  of  ReaHzalion  of  Homogeneous  Bundle  of  Primary  Rdntgen 

Rays. 

The  tube  must  permit  of  the  realization  of  a  strong  homogeneous  bundle 

of  primary  ROntgen  rays  of  any  desired  penetrating  power.    For  this 


■  See  Dessauer,  1,  c 
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purpose  it  should  clearly  be  excited  from  a  source  of  constant  potential. 
The  result  should  be  attained  even  though  the  discharge  is  intermittent.' 

M.  No  Healing  of  Cathode  by  Discharge  Current  and  no  Evidence  of 
Calhodic  Disintegration. 

An  earlier  experiment  showed  that  when  a  tube  is  made  up  with  two 
similar  concave  tungsten  electrodes,  symmetrically  located  in  the  tube, 
and  operated  on  direct  current  at  an  ordinary  Rdntgen  tube  vacuum,  the 
heating  effect  at  the  cathode  is  as  strong  as  that  at  the  anode.  Further- 
more, the  heat  evolution  at  the  cathode  is  as  strongly  localized  as  it  is 
at  the  anode.  In  fact,  it  is  impossible,  when  the  tube  is  operating,  to 
tell,  by  looking  at  it,  which  of  the  white  hot  electrodes  is  functioning  as 
anode  and  which  as  cathode.  There  is  a  very  rapid  blackening  of  the 
bulb  in  such  a  tube,  the  material  of  the  deposit  coming  evidently  from 
the  cathode,  which  shows  a  deep  and  sharply  defined  cavity  at  the  point 
of  local  heating.  The  simple  explanation  seems  to  be  that  the  cathode  !s 
bombarded  by  positive  ions  and  that  the  emission  of  the  electrons  which 
constitute  the  cathode  ray  stream  is  due  to  this  bombardment.  So, 
also,  the  heating  effect  and  the  cathodic  disintegration. 

At  the  higher  vacuum  and  with  the  relatively  gas-free  electrodes  of 
the  new  tube  there  is  no  evidence  of  any  bombardment  of  the  cathode. 
In  the  earlier  stages  of  gas  removal,  when  a  discharge  can  be  made  to 
pass  through  the  tube  without  the  heating  current  in  the  filament,  the 
latter  is  seen  to  be  strongly  locally  heated  by  the  discharge  current,  as 
from  bombardment  by  positive  ions.  But  when  the  exhaustion  has  been 
completed  and  the  tube  is  operated  with  the  cathode  hot,  a  voltmeter  and 
ammeter  in  the  filament  circuit  show  no  change  even  when  a  very  heavy 
discharge  is  sent  through  the  tube.  Positive  ion  bombardment,  if  it 
existed  to  an  appreciable  extent,  woiild  raise  the  temperature  and,  hence, 
the  resistance  of  the  tungsten  filament  and  would  therefore  be  indicated 
by  the  instruments.  If  it  were  very  local  and  considerable,  it  would  be 
further  indicated  by  a  melting  through  of  the  filament  at  the  point  in 
question.  The  resistance  change  and  local  disintegration  of  the  filament 
have  been  observed  in  only  those  cases  where  the  vacuum,  as  shown  by 
other  effects,  such  as  fluorescence  of  the  glass,  has  been  poor. 

Disintegration  of  the  cathode  would  also  manifest  itself  in  blackening 
of  the  bulb.  Even  after  running  for  several  hours,  the  deposit  on  the 
bulb  is  very  slight,  and  what  there  is  may  well  be  entirely  accounted  for 
by  vaporization  of  tungsten  at  the  focal  spot  on  the  target. 

1  For  fluotoscoplc  work  with  the  ordinary  tube,  it  seems  preferable  to  use  an  interniptecl 
dUcharge  so  as  to  reduce  heating  of  the  tube  and  danger  to  patient  and  operator.  The 
phosphorescence  of  the  fluoroscopic  screen  makes  possible  frequent  int«rruptioTu  without 
appreciable  loss  of  light. 
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N.     The  Target  the  Factor  Limiting  Allowable  Energy  Input. 

There  is  one  limitation  with  the  new  tube.  With  a  sharp  focusing 
tube  and  above  a  certain  enei^y  input  the  tube  resistance  is  unstable, 
dropping  suddenly  to  perhaps  a  small  fraction  of  its  original  valuci 
returning  instantly  to  the  old  value  however  upon  stopping  the  discharge 
or  upon  lowering  it  to  the  limiting  value.  The  cause  of  this  phenomenon 
appears  to  be  as  follows : 

With  a  very  high  energy  input  and  sharp  focusing,  the  surface  of  the 
target  melts  at  the  focal  spot  and  volatilizes.  Owing  to  the  fact  that  this 
tungsten  vapor  is  produced  at  the  focal  spot,  all  of  the  primary  cathode 
rays  pass  through  it  and,  by  collision,  ionize  it.  This  of  course  decreases 
the  tube  resistance.  The  larger  the  focal  spot  the  greater  is  the  limiting 
current.  The  design  of  the  target  also  has  a  great  deal  to  do  with  the 
liiniting  current  value,  as  the  face  of  a  thin  target  is  vaporized  with  a 
much  lower  energy  input  than  a  relatively  thick  one.  For  very  short 
excitation  of  the  tube,  the  limiting  enei^  input  is  somewhat  larger  than 
for  longer  periods;  but  an  input  which'  can  be  carried  for  a  few  seconds 
can  be  carried  indefinitely. 

The  effect  of  substituting  any  other  single  refractory  metal  for  the 
tungsten  of  the  target  will  be  to  lower  the  maximum  allowable  enei^ 
input.  For  the  essential  properties  of  a  target  material  are:  high  density, 
h^h  melting  point,  high  heat  conductivity,  and  low  vapor  pressure. 
Tungsten  has  a  higher  melting  point  and  lower  vapor  pressure  than  any 
other  metal.  Its  nearest  competitor  in  point  of  refractoriness,  tantalum, 
has  only  about  one  third  of  the  heat  conductivity.  Molybdenum  and 
iridium  have  vapor  pressures  altogether  too  high  to  entitle  them  to  con- 
sideration, even  if  their  melting  points  made  them  otherwise  competitors- 
Osmium  has  only  about  one  half  of  the  heat  conductivity  of  tungsten. 

The  ordinary  copper-backed  tungsten  target  would  be  very  difficult 
to  exhaust  sufficiently.  Otherwise  its  use  might  be  desirable  for  certain 
classes  of  work,  as  it  would  raise  the  maximum  allowable  instantaneous 
energy  input. 

§  6.     Danger  Connected  with  Use  of  Tube. 

There  has  been  In  the  old  tube  a  certain  element  of  safety  in  that  it 
could  not  be  run  continuously  with  a  very  heavy  energy  input.  The 
new  tube,  even  when  focusing  sharply,  can  be  operated,  for  example, 
on  a  7  cm.  parallel  spark  gap  with  currents  as  high  as  25  milltamperes 
for  hours  at  a  time,  and  without  the  slightest  attention. 

For  most  purposes,  other  than  diagnostic  or  radiographic  work,  there 
is  no  advantage  in  having  the  tube  focus.     In  case  it  does  not,  the  above- 
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mentioned  energy  input  limitation  falls  away  and  the  tube  can  apparently 
be  desigined  for  any  energy  input  whatsoever.  This  will  permit,  in  this 
field,  of  the  use  of  much  greater  Rdntgen  ray  intensities  than  have  hereto- 
fore been  realized. 

In  the  light  of  the  above,  it  will  be  seen  that  the  precautions  which 
have  been  shown  by  years  of  experience  to  be  sufficient  for  work  with  the 
old  tube  are  not  necessarily  sufficient  for  the  user  of  the  new  one. 

S  7.    Summary. 

In  the  foregoing,  a  new  and  powerful  Rdntgen  ray  tube  has  been 
described.  It  differs  in  principle  from  the  ordinary  type  in  that  the 
discharge  current  is  purely  thermionic  in  character.  Both  the  tube  and 
the  electrodes  are  as  thoroughly  freed  from  gas  as  possible,  and  all  of 
the  characteristics  seem  to  indicate  that  positive  ions  play  no  appreciable 
T6\e. 

The  tube  allows  current  to  pass  in  only  one  direction  and  can  therefore 
be  operated  from  either  direct  or  alternating  current. 

The  intensity  and  the  penetrating  power  of  the  ROhtgen  rays  produced 
are  both  under  the  complete  control  of  the  operator,  and  each  can  be 
instantly  increased  or  decreased  independently  of  the  other. 

The  tube  can  be  operated  continuously  for  hours,  with  either  high  or 
low  discharge  currents,  without  showing  an  appreciable  change  in  either 
the  intensity  or  the  penetrating  power  of  the  resulting  radiations. 

The  tube  in  operation  shows  no  fluorescence  of  the  glass  and  no  local 
heating  of  the  anterior  hemisphere. 

The  starting  and  running  voltage  are  the  same. 

The  tube  permits  of  the  realization  of  intense  homogeneous  primary 
R6ntgen  rays  of  any  desired  penetrating  power. 

An  article  bearing  especially  upon  the  application  of  the  new  tube  to 
radiographic  and  diagnostic  and  to  therapeutic  purposes  will  appear 
shortly  in  one  of  the  Rdntgen  ray  journals. 

It  is  a  pleasure  to  me,  in  closing,  to  express  my  appreciation  of  the 
services  of  Mr.  Leonard  Dempster,  who  has  assisted  me  throughout  this 
work. 

B  General  Elbctkic  Co., 
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THE  CHANGE  IN  THE  ELASTICITY  OF  A  COPPER  WIRE 
WITH  CURRENT  AND  EXTERNAL  HEATING. 

By  H.  L.  Dodgb. 

THE  present  investigation  consists  of  detenninations  of  Youth's 
modulus  of  a  specimen  of  copper  wire  at  various  temperatures 
between  20°  C.  and  150'  C.  with  the  object  of  ascertaining  whether  or 
not  heating  by  an  electric  current  has  any  effect  other  than  that  caused 
by  the  accompanying  increase  of  temperature,  and  also  to  learn  certain 
facts  regardii^  the  temperature  effect  itself,  concerning  which  there 
seems  to  be  considerable  doubt. 

Previous  Results  upon  the  Effect  of  Current  Heating. 
Wertheim*  reported  a  decrease  in  Young's  modulus  caused  by  current 
and  believed  this  decrease  to  be  independent  of  any  temperature  effect, 
a  conclusion  not  suffidently  justified  as  he  assumed  the  heating  effect 
of  the  current  negli^ble.  Edlund*  made  allowance  for  the  temperature 
effect,  and  concluded  that  current,  except  for  the  accompanying  tem- 
perature change,  does  not  affect  Young's  modulus.  Streintz'  made 
observations  of  the  torsion  modulus  at  room  temperature  and  at  55.5°  C. 
The  following  figures  represent  the  percent^e  change  of  elasticity  caused 
by  the  current,  correction  being  made  for  the  temperature  effect:  Brass 
(a),  —  5.9;  (6),  +  12.8;  copper,  0.0;  silver,  +  3,9;  iron,  +  3.I;  steel, 
—  12,2.  MebiuB*  found  the  effect  due  to  current  in  the  case  of  steel, 
iron,  brass,  and  silver  rods  to  be  extremely  small.  Miss  Noyes*  studied 
steel,  silver,  and  copper  wires  and  found  that  the  current  heating  caused 
a  uniform  decrease  in  Your^'s  modulus  which  could  be  entirely  accounted 
for  as  a  temperature  effect.  Walker*  employed  the  same  experimental 
methods  as  Miss  Noyes,  but  found  very  irregular  changes  with  steel, 
soft  iron,  platinum,  and  copper,  which  could  not  be  accounted  for  by 
temperature  and  which  differed  greatly  with  increasii^  and  decreasing 

■  Ann.  de  Cblm.  M  de  Phy».,  ii,  Oio.  1844- 

>  Anna],  d.  I^ya.,  tag,  15,  tSM;  131.  337-  1867- 

'  Annol.  d.  Phys.,  150,  368,  1873. 

<  Ottvtra.  at  k.  Vet.  Akad.  FocbandL.  681.  1887;  Bdbl.  11.  67S. 

•  Pets.  Rbv.,  3,  379.  1895;  3.  433. 1896. 

*  Proc.  Roy.  Soc.  Bd(n.,  37,  343,  1907. 
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current.     A  survey  of  previous  work  leaves  a  serious  doubt  as  to  the 
effect  of  current  heating,  and  this  doubt  a  critical  study  serves  to  increase. 

Previous  Results  upon  the  Change  of  Young's  Modulus  with 
Temperature. 
The  investigations  that  have  been  carried  on  to  determine  the  change 
of  Young's  modulus  with  temperature  are  so  extensive  that  the  results 
with  copper  only  can  be  considered.  These  are  however  representative 
of  the  results  for  other  metals.  Shakespeare*  has  found  a  decrease  of 
Young's  modulus  for  copper  of  3.6  per  cent,  on  heating  from  13"  C.  to 
100*  C.  Miss  Noyes'  made  observations  at  various  temperatures  up  to 
150*  C.  and  reports  a  uniform  decrease  of  the  modulus  of  0.13  per  cent, 
and  0.07  per  cent,  per  degree  for  two  samples  of  wire.  Gray,  Blyth,  and 
Dunlop*  also  were  able  to  make  observations  at  intermediate  tempera- 
tures up  to  100°  C.  They  also  report  a  uniform  decrease,  which  for  two 
samples  was  0.015  pcr  cent,  and  0.04  per  cent,  per  degree  respectively. 
On  the  other  hand  Slotte's*  observations  at  intervals  over  a  range  of  10° 
C.  to  70°  C.  upon  two  samples  of  copper  wire  showed  a  decrease  of  Young's 
modulus  with  increase  of  temperature  which  was  not  uniform  but  became 
less  rapid  with  one  sample  and  more  rapid  with  the  other  as  the  tempera- 
ture increased.  An  increasing  rate  of  change  is  also  indicated  by  the 
results  of  Wertheim*  at  15°  C,  100°  C,  and  at  200°  C,  the  change  being 
much  greater  for  the  upper  interval.  In  this  connection  the  work  of 
Pisati,*  Kohlrausch  and  Loomis/  and  of  Slotte*  upon  the  torsion  modulus 
is  of  interest.  They  found  the  rate  of  decrease  of  the  modulus  greater 
as  the  temperature  was  raised.  This  is  suggestive  as  it  is  highly  probable 
that  the  general  nature  of  the  elastic  changes  is  similar  for  the  two 
moduli.  These  results  leave  no  doubt  that  increase  of  temperature  causes 
a  decrease  of  Young's  modulus,  but  there  is  no  conclusive  evidence  as 
to  the  exact  nature  of  the  decrease. 

Scope  of  Work. 

In  view  of  the  facts  which  have  been  cited  it  was  decided  to  attempt  an 

investigation  of  the  effect  of  current  upon  Young's  modulus,  accompanied 

by  a  parallel  investigation  of  the  temperature  change  produced  by  an 

■  Phil.  Mag.,  47.  539.  "899. 
'  Ux.  dt. 

•  Proc  Roy.  Soc,.  67,  180,  i!»o. 

*Acta  Soc.  Sclen.  Fennkte,  Vol.  16,  1899. 

•  Loc,  dt. 

•  Nuovo  Cimento.  4.  isa.  1878:  s,  34,  13s.  1879. 
'Annal.  d.  Phye..  141.  481.  1871. 

•Acta  Soc.  Scien.  FennicK.  Vol.  35,  1908. 
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external  source  of  heat.  Examination  of  the  previous  work  led  me  to 
believe  that  the  desideratum  was  not  a  hastily  made  series  of  observations 
upon  a  number  of  metals  but  rather  thorough  and  extended  observations 
upon  a  single  metal.  Consequently  this  report  is  confined  to  results 
with  copper  although  work  is  under  way  with  other  metals.  A  review 
of  the  literature  made  clear  that  the  causes  of  inaccurate  results  in  the 
past  have  been  chiefly  a  lack  of  mechanical  perfection  in  the  apparatus 
and  insufficient  attention  to  the  distribution  of  temperature.  In  none 
of  the  work  upon  the  effect  of  current  has  there  been  any  knowledge  of 
the  differences  in  temperature  along  the  wire  or  any  effective  attempt 
made  to  secure  a  uniform  distribution.  The  apparent  crudity  of  the 
apparatus  that  is  here  described  is  the  result  of  an  attempt  to  keep  every 
part  of  the  apparatus  as  simple  as  possible  and  to  refrain  from  un- 
warranted refinements.  Each  source  of  error  has  been  considered  in 
relation  to  the  others  and  the  effectiveness  of  the  apparatus  is  best 
judged  from  the  consistency  of  the  results  that  have  been  obtained. 

Description  of  the  Apparatus. 

In  order  to  prevent  convection  currents  and  consequent  non-uniformity 

of  heating  necessarily  accompanying  vertical  suspension  the  wire  was 

mounted  horizontally.     The  mechanical  features  of  the  apparatus  (Fig.  i) 

may  be  considered   independently  of  the   heating  box.     The  wire  is 
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The  appantuB,  showing  method  of  BUspendine  the  teat  Bpedmi 


suspended  between  a  bar  {b)  and  a  pulley  {p)  which  are  in  turn  supported 
by  a  heavy  cast  iron  base,  bolted  to  the  carriage  of  the  dividing  engine. 
The  wire  is  stretched  by  the  weights  Wi  and  Wj.  Current  is  led  in  at 
the  points  {d)  through  the  mercury  cups  (c),  the  wire  being  insulated 
at  (o)  and  at  (fr).  Three  copper-constantan  thermo-eouples  (/)  of  No.  36 
wire  are  for  temperature  measurements.  The  weight  Wi  is  kept  upon 
the  wire  continually  and  is  heavy  enough  to  stretch  the  wire  almost 
straight.    The  weight  Wt  is  added  gradually  and  without  jar  by  a  simple 
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apparatus  operated  by  a  foot  lever.  The  elongation  of  the  wire  is 
measured  with  two  micrometer  microscopes  attached  to  the  bed  of  the 
dividing  engine.  These  are  focused  iipon  bright  scratches  on  the  wire, 
made  visible  by  incandescent  lamps. 

The  heating  apparatus  (Fig.  2),  although  supported  by  the  cast-iron 
base,  is  mechanically  entirely  independent  of  the  wire.  It  must  not  only 
furnish  a  means  of  heating  the  wire  externally  but  also  must  retain  the  heat 
when  the  current  is  passed  through  the  wire  itself.  The  base  (e),  bottom 
piece  (s),  and  back  (v)  are  covered  with  asbestos  and  fastened  together. 
The  asbestos-covered  front  (A),  which  has  two  windows  of  mica  (m)  for 
observing  the  wire,  and  the  glass  cover  (n)  are  held  together  by  clamps 
easily  removed.  The  glass  tubes  (k)  are  lat^  enough  to  give  sufficient 
clearance  to  the  wire  (w)  but  small  enough  to  prevent  convection  or 
other  air  currents.  Zigza^ng  back  and  forth  across  the  bottom  piece 
(s)  is  a  heating  wire  of  German  silver  through  which  a  current  can  be 


Fig.  2. 

Heating  box  Burrounding  Ui«  test  •padmen. 

sent.  This  heatii^  box  proved  to  be  one  of  the  three  important  features 
of  the  apparatus  and  its  simple  form  in  no  way  indicates  the  difficulty 
of  securing  a  reasonably  even  temperature  distribution.  This  fact  is 
very  suggestive  in  connection  with  the  results  of  former  investigations 
in  which  averf^e  temperature  only  was  known,  there  being  no  informa- 
tion concerning  the  temperature  distribution.  The  use  of  thermo- 
couples which  could  be  slipped  to  different  portions  of  the  wire  revealed 
surprising  inequalities  of  temperature.  Even  after  uniformity  of  heating 
had  been  secured  with  the  external  source  it  was  necessary  to  still  further 
alter  the  box  before  a  satisfactory  distribution  could  be  obtained  with 
internal  or  current  heating.  At  the  highest  temperature  employed  the 
maximum  variation  of  temperature  over  the  portion  of  the  wire  under 
observation  was  less  than  15°  C. 

A  second  feature  of  importance  is  the  free  suspension  of  the  wire. 
The  possibility  of  error  due  to  contact  of  the  wire  with  rigid  portions 
of  the  apparatus  is  eliminated  by  permitting  it  to  touch  nothing  except 
the  thermo-couples  which  are  of  fine  flexible  wire.  ConsequenUy  the 
specimen  hangs  freely  in  the  form  of  a  flat  catenary.    The  elongation 
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caused  by  the  straightening  of  the  catenary  on  the  application  of  the 
additional  stretching  weight  is  negligible,  being  about  i/ioo  of  the  smallest 
reading  of  the  micrometer  microscope.  The  third  feature  is  also  mechan- 
ical. It  is  the  pulley  which  changes  the  direction  of  the  applied  force, 
which  must  be  transmitted  without  gain  or  loss  resultii^  from  friction 
or  change  of  leverage.  Fig.  3  shows  its  construction  and  suggests  the 
method  of  centering  the  axis.     The  pulley  was  tested  at  different  posi- 


Fig.  3. 
Side  view  of  pulley  and  section  along  A-'B. 


tions  at  various  times  during*  the  progress  of  the  work  and  found  to 
Introduce  no  appreciable  error. 

Method  of  Determining  Temperature  of  Specimen. 

When  the  wire  is  heated  by  the  external  source  it  is  of  uniform  tem- 
perature throughout  its  cross  section  and  of  the  same  temperature  aa 
the  surrounding  air.  Under  these  conditions  the  thermo-couples  which 
have  already  been  mentioned  are  a  perfectly  satisfactory  means  of 
measuring  its  temperature.  In  the  case  of  internal  or  current  heating 
there  is  an  increase  of  temperature  toward  the  center,  resulting  in  a 
number  of  effects,  change  of  resistance,  thermal  conductivity,  etc.,  each 
of  which  has  its  influence  upon  the  current  distribution  and  in  turn 
upon  the  temperature  distribution.  The  average  temperature  of  the 
wire  is  of  course  a  function  of  the  surface  temperature  and  of  the  current, 
but  for  evident  reasons  the  thermo-couples  do  not  give  the  surface  tem- 
perature of  the  wire  when  the  wire  itself  is  the  source  of  heat. 

Measurement  of  temperature  by  change  of  length  caused  by  thermal 
expansion  has  proved  to  be  the  most  accurate  and  convenient  method. 
Blondlot*  has  shown  conclusively  for  several  pieces  of  brass  and  one  of 
German  silver  that  current  has  no  direct  effect  upon  the  dimensions  of 
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a  metal  carrying  a  current.  This  has  also  been  shown  by  Righi'  for  four 
wires  whose  composition  is  not  given.  There  is  no  reason  to  believe  that 
copper  should  be  peculiar  in  showing  this  effect.  In  fact  our  own 
experience  and  the  persistency  with  which  our  results  for  Young'» 
modulus  at  any  temperature  as  determined  by  this  method  remain  the 
same,  no  matter  what  may  be  the  source  of  heat,  is  in  itself  proof  that 
current  has  no  direct  effect  upon  the  length  of  the  wire.  In  using  change 
of  length  as  an  indication  of  temperature  account  must  be  taken  of  the 
change  caused  indirectly  by  the  effect  of  temperature  upon  Young's 
modulus.  Thermo-couple  readings  and  length  observations  were  taken 
for  all  work  with  external  heating.  With  internal  heating  length  obser- 
vations were  made  and  the  temperature  determined  by  comparison  with 
the  other  results.  The  thermo-couples  were  connected  to  a  sensitive 
Siemens  and  Halske  galvanometer  by  a  three-way  switch  and  were 
calibrated  by  direct  comparison  with  an  accurate  thermometer. 

With  current  heating  the  central  portions  of  the  wire  tend  to  lengthen 
more  than  the  outer  portions  which  are  at  a  lower  temperature  and  it  is 
assumed  that  the  actual  lengthening  so  averages  this  effect  as  to  be  an 
indication  of  the  average  temperature.  It  is  also  worthy  of  notice  that 
the  contribution  to  Young's  modulus  will  be  different  for  the  different 
portions,  the  value  observed  being  an  average  of  the  moduli  of  the  various 
circular  layers  making  up  the  cross  section  of  the  wire.  There  is  of 
course  a  similar  averaging  of  temperature  and  modulus  along  the  length 
of  the  wire, 

Nature  of  the  Tests. 

Three  sections  of  commercial  copper  wire  were  tested,  all  from  the 
same  piece  obtained  from  the  Driver-Harris  Wire  Co.,  Harrison,  N.  J. 
The  purity  of  the  specimen  was  determined  electrolytically,  with  results 
of  99.88  per  cent,  and  99.92  per  cent.  As  the  second  was  the  more 
accurate  we  may  take  99.91  ±  .01  as  the  purity  of  the  specimen.  There 
was  no  trace  of  either  silver,  lead,  or  iron.  The  coefficient  of  linear 
expansion  was  .0000169.  5[>ecimen  No.  2  was  0.81  mm.  in  diameter. 
The  portion  under  observation  was  50.7  cm.  long.  The  other  samples 
were  of  similar  dimensions.  A  weight  of  2,109  gr^ms  was  kept  upon  the 
wires  continually.  The  modulus  was  determined  by  measuring  the 
elongation  produced  by  an  additional  weight  of  2,252  grams.  The 
elongation  was  observed  with  a  microscope,  the  micrometer  head  of 
which  can  be  read  to  1/50  revolution,  corresponding  to  .00093  m™- 
stretch.     At  room  temperature  the  stretch  amounted  to  about  .02  mm. 

■  Nuovo  Cimento,  [3].  T,  116,  18S0. 
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Currents  as  high  as  15  am[>eres  were  used.  The  accuracy  of  the  work  is 
of  a  high  degree.  The  error  in  the  determination  of  Young's  modulus 
is  about  I  per  cent.  A  greater  accuracy  may  prove  desirable  if  small 
peculiar  effects  appear  with  other  metals,  but  the  present  apparatus  is 
sufficiently  accurate  to  determine  the  general  nature  of  the  changes  in 
the  modulus. 

Each  determination  of  Young's  modulus  as  represented  by  a  point 
on  the  curves  or  a  value  in  the  tables  is  the  result  of  ten  or  more  separate 
measurements  taken  so  as  to  eliminate  any  error  caused  by  a  slight  drift 
in  temperature.  Generally  a  half  hour  or  more  was  required  for  the 
temperature  to  reach  a  sufficiently  steady  state.  After  the  preliminary 
work  the  greater  part  of  the  observations  consisted  of  series  of  deter- 
minations with  increasing  or  decreasing  temperature  over  a  range  of 
20°  C.  to  150°  C. 

Preliminary  Tests. 

The  [wssible  ways  in  which  current  may  affect  elasticity  are  so  numer- 
ous that  a  determination  of  Young's  modulus  at  a  given  temperature  is 
of  no  value  unless  interpreted  in  connection  with  the  whole  thermal 
history  of  the  wire.  Since  the  essential  part  of  this  investigation  is  the 
comparison  of  observations  taken  under  as  nearly  similar  thermal  condi- 
tions as  possible,  except  for  the  difference  in  time  and  in  the  source  of 
heat,  an  elimination  as  far  as  possible  of  any  other  than  pure  temperature 
effects  is  desirable.  If  this  is  impossible  a  thorough  understanding  of 
the  nature  of  the  other  effects  is  essential.  In  order  to  eliminate  the 
well-known  permanent  changes  accompanying  extreme  temperatures  the 
treatment  of  the  wire  after  its  first  heating  and  stretching  was  confined 
to  a  temperature  range  of  20"  C.  to  150°  C.  In  order  to  find  out  how 
consistent  was  its  behavior  within  this  range  and  under  the  various 
conditions  of  treatment  a  great  deal  of  preliminary  work  was  necessary. 
This  showed  that  there  are  no  sudden  changes  in  the  elastic  state  of  the 
wire,  that  the  rapidity  of  heating  and  cooling  had  little  if  any  effect  upon 
the  changes  in  elasticity,  and  that  the  length  of  time  the  wire  was  held 
at  a  given  temperature  had  no  great  effect.  As  explained  later,  perma- 
nent or  history  effects  were  found,  but  for  any  series  of  readings  these 
changes  were  insignificant,  the  value  of  Young's  modulus  returning  at 
the  close  of  any  day's  observations  to  practically  its  original  value. 

That  history  effects  could  be  eliminated  and  the  elasticity  of  the  wire 
made  independent  of  treatment  and  a  function  of  temperature  only  is 
illustrated  in  Fig,  4,  Series  5.  Observation  15  is  almost  identical  with 
8,  and  16  and  17  are  nearly  the  same  as  the  first  observations,  although 
the  wire  had  meantime  been  heated  and  cooled  twice. 
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In  order  to  learn  whether  or  not  at  any  given  temperature  the  value  of 
Young's  modulus  is  dependent  upon  the  manner  of  heating,  the  observa- 
tions of  Table  I.  were  made.  The  shifting  from  one  method  of  heating 
to  another  was  done  without  permitting  much  alteration  in  the  tempera- 
ture of  the  wire. 

Table  I, 

Skawing  Cmtstancy  of  Young's  Modulus  tittder  DiffereiU  Conditiims  of  Healing,   Temptraturt 
Ranaining  the  Same. 


HMbodof  HiatlOE. 

Variation  Is  Lenctb, 

Variatieo  la  StrMcb. 

12.8  smperes,  alternatii^  current 

.0000 
.0065 
.0059 
.0032 

.0000 

The  greatest  variation  in  length  is  .0065  mm.  or  0.14  revolution  of 
the  micrometer  head.  This  corresponds  to  a  temperature  variation  of 
less  than  one  degree  Centigrade.  The  greatest  variation  in  stretch  is- 
.0014  mm.  This  corresponds  to  only  0.03  revolution  and  is  about  the 
experimental  error.  These  results  show  clearly  that  at  this  temperature, 
which  was  approximately  iro"  C,  the  stretch  modulus  is  independent  of 
the  source  of  heat.  These  preliminary  investigations  and  others  which 
need  not  be  described  showed  the  behavior  of  copper  to  be  very  consistent 
and  are  the  justification  for  the  taking  of  more  extended  series  of  observa- 
tions and  the  comparison  of  results  secured  at  different  times. 

Tests  upon  Specimen  No.  2. 

After  specimen  No.  2  was  placed  in  the  apparatus  it  was  heated  to  a 
high  temperature  and  stretched  to  remove  the  Idnks.  Afterward  it 
was  never  heated  above  150°  C.  The  four  series  of  readings  composing 
Fig.  4  were  taken  after  the  wire  had  been  heated  by  both  methods  a  total 
of  about  50  hours  and  after  about  500  applications  of  the  stretching 
weight.  If  such  a  thing  were  possible  as  a  state  in  which  all  changes  in 
elasticity,  except  those  caused  by  temperature  could  be  eliminated,  this 
treatment  should  have  secured  the  result. 

As  far  as  possible  the  figures  have  been  made  self-explanatory.  Certain 
additional  information  which  is  characteristic  of  all  the  work  is  given  in 
Tables  II.  and  III.  Series  4  shows  a  series  of  observations  in  which 
the  heating  was  entirely  external.  In  this  as  well  as  in  the  other  three 
series  of  Fig,  4  dotted  points  represent  observations  taken  while  the 
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Fig.  4. 
a  No.  2,  BhowliiE  effect  of  Interoal  and  extenut)  heating. 


Table  U. 

Data  for  Striti  5,  Wirt  I,  Exitrnal  Htatini. 


"& 

liD*. 

T.np. 

Stmcb  (R«va.  of  UUr. 

YoBDB'aModilluiXlo-ll 
DyoM  v»'  Cm*. 

1 

9«l  AM. 

is-c. 

4.08 

11.46 

2 

9:30 

20 

4.08 

11.46 

10K)5 

25 

4.10 

11.42 

10;30 

33 

4.U 

11.40 

HAS 

54 

4.13 

11.33 

11:50 

88 

4.205 

U.U 

1:00  P.M. 

118 

4.35 

10.73 

2:00 

135 

4.47 

10.48 

2:45 

119 

4.365 

10.70 

3:15 

94 

4.24 

11.05 

4:10 

67 

4.19 

11.18 

4:40 

46 

4.12 

11.38 

28 

4.09 

11.44 

6K)0 

25 

4.075 

11.48 

7:15 

134 

4.45 

10.52 

8KI0 

32 

4.085 

11.45 

8:45 

21 

4.10 

11.42 

9:30 

28 

4.09 

11-44 

Digitized  b,  Google 


H.   L.   DODGE. 

Table  HI. 

Dala  for  SerUs  7.  Win  t.  Internal-  Htaltitg. 


Issun. 


Obi. 

Tim*. 

T.mp. 

Curriot, 

Slratcb  (Rev.  of  MIcT. 

.;^%r,^'„S^-/s;... 

lOJO  P.M. 

21°  C. 

0.0 

4.10 

11.42 

lirtS  A.M. 

32 

3.8 

4.085 

11.45 

11:S0 

50 

7.0 

4.165 

11.22 

1:0SP.M. 

77 

9.8 

4.18 

11.20 

1:30 

102 

12.0 

4.28 

10.93 

2:30 

128 

14,1 

4.49 

10.43 

3:05 

105 

11.9 

4.31 

10.85 

3:50 

80 

9.5 

4.20 

11.13 

4:20 

53 

6.8 

4.13 

11.33 

5:10 

27 

0.0 

4.07 

11.50 

6:30 

27 

0.0 

4.08 

11.46 

7:25 

43 

5.0 

4.09 

11.44 

8:00 

66 

8.0 

4.15 

11.26 

8:45 

97 

11.2 

4.245 

11.02 

9:15 

129 

13.9 

4.42 

10.60 

9:40 

28 

0.0 

4.10 

11.42 

temperature  was  being  raised  by  steps  and  the  crossed  points  those  when 
the  temperature  was  being;  lowered.  Particular  attention  is  called  to 
points  2  and  3,  the  second  of  which  was  taken  after  the  temperature  had 
been  maintained  for  twelve  hours.  They  show  that  the  length  of  time 
the  wire  was  kept  at  the  high  temperature  had  no  effect  upon  its  elasticity. 
The  proximity  of  points  8  and  i  shows  the  elimination  of  history  effects 
and  permanent  changes. 

Two  days  later  Series  5  was  secured,  which  yields  results  identical 
with  those  of  Series  4,  showing  that  the  work  of  one  day  can  be  repeated 
at  a  later  time.  Further  proof  of  the  absence  of  history  effects  is  afforded 
by  the  [wsitions  of  points  14,  15,  16,  17,  and  18  relative  to  observations 
taken  at  earlier  times  at  the  same  temperatures.  The  fact  that  points 
5,  6,  and  7  taken  with  increasing  temperature  fall  on  the  same  curve  as 
points  9, 10,  and  12  taken  with  decreasing  temperature  shows  the  absence 
of  any  hysteresis  effects. 

Series  6  was  taken  three  days  later,  followed  the  next  day  by  Series  7. 
The  procedure  was  the  same  as  before  except  for  the  difference  in  the 
manner  of  heating.  In  Series  4  and  5  the  wire  was  heated  externally  by 
means  of  the  heating  wire  on  the  bottom  of  the  box  enclosing  it.  In 
Series  6  and  7  the  wire  was  heated  by  an  electric  current  in  the  wire  itself. 
The  results  of  Series  6  and  7  show  the  absence  of  hysteresis  effects  and 
the  elimination  of  history  effects  the  same  as  with  external  heating. 
The  fact  that  the  variation  of  the  curves  forming  Fig.  4  is  less  than  would 
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be  expected  from  the  experimental  error  shows  that  one  is  justified  in 
taking  these  results  as  an  indication  of  temperature  effect  alone  and  is 
justified  in  comparing  the  results  of  different  days  with  different  methods 
of  heating. 

Tests  upon  Specimen  No.  3. 

A  third  sample  of  the  same  wire  was  next  placed  in  the  apparatus 
in  order  to  confirm  the  results  obtained  with  the  former  specimen,  to 
attempt  still  other  variations  in  the  thermal  treatment  and  to  secures 
the  complete  elastic  history  of  a  specimen.  The  results  are  given  ia 
Figs.  5,  6,  and  7.  Upon  these  curves  appear  every  observation  that  was 
made  with  the  third  specimen,  not  one  having  been  discarded. 
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Fig.  S. 
Complete  elastic  history  of  spedtneD   No.  3,     The  < 
Roman  aiunerBls  corresponding  t( 

First  Changes  in  Elasticity. — The  specimen  was  made  as  free  from  kinks 
as  possible  and  placed  in  the  apparatus.  Observation  I,  Fig.  5,  was  at 
room  temperature.  The  wire  was  then  heated  externally  to  about  135°  C. 
and  cooled.  Observation  2  shows  no  change.  Heating  by  17  amperes 
current  to  about  the  same  temperature  brought  a  slight  increase  in  the 
modulus  as  indicated  by  observation  3.  There  was  very  little  increase 
in  length  during  this  treatment,  as  the  additional  weight  was  not  applied 
at  high  temperatures. 
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It  was  anticipated  that  continued  application  of  the  additional  weight 
while  the  wire  was  hot  would  remove  any  kinks  in  the  wire,  cause  an 
increase  in  length  and  a  chai^^e  in  the  modulus.  The  wire  was  heated 
by  17  amperes  current  and  the  weight  applied  a  number  of  times.     On 


Fig.  6. 
Results  of  tests  upon  Bpedmen  No.  3  with  different  tbennal  treatment,  showing  histOTT 
effect,  change  of  Youog's  modulus  with  temperatiiTc.  and  absence  of  any  effect  peculiar  to 
cuiTCnt  heating. 


Digitized  b,  Google 


JtoeM  CHANCE  IN   THE  ELASTICITY   OP  A   COPPER   WIRE.  443 

cooling  an  increase  of  length  of  about  0.2  mm.  was  found  and  an  increase 
of  Young's  modulus  as  indicated  by  observation  4.  The  wire  was  again 
heated  to  135°  C.  and  Young's  modulus  measured  at  this  temperature, 
resulting  in  observation  5.  The  temperature  was  then  increased  to 
about  150°  C.  and  the  additional  weight  applied  about  thirty  times, 
resulting  in  observation  6.  Cooling  to  122°  C.  gave  observation  7,  and 
to  28°  C,  observation  8.  It  was  believed  that  a  sufficiently  steady  state 
had  been  secured  to  justify  the  trial  of  a  series  of  readings  and  a  com- 
parison of  points  6,  7,  and  8  with  reference  to  later  observations  shows 
this  to  have  been  the  case.  It  is  highly  probable  that  the  increase  in 
Young's  modulus  due  to  this  particular  treatment  was  caused  as  much 
by  the  mechanical  stretching  and  straightening  of  the  wire  as  by  the 
thermal  treatment,  although  the  latter  was  undoubtedly  essential  to 
the  securing  of  the  steady  state. 

Discussion  of  Fig.  6. — Following  the  work  just  described  came  eight 
days  of  testing  under  a  variety  of  conditions.  Fig.  6  shows  the  results 
and  has  been  made  practically  self  explanatory.  The  order  in  which 
the  observations  at  the  different  temperatures  were  taken  and  the  manner 
of  heating  were  varied  in  a  number  of  ways  in  order  to  catch  any  possible 
changes  caused  by  treatment.  Series  i  is  with  externa!  heating,  increas- 
ing  temperature.  Series  2,  first  part,  was  taken  in  exactly  the  same 
manner  and  the  results  show  that  for  external  heating  a  sufficiently 
steady  state  had  been  reached  so  that  only  small  permanent  chaises  were 
to  be  anticipated.  The  second  part  of  Series  2  was  taken  in  exactly  the 
same  manner  except  for  the  change  in  the  manner  of  heating,  the  external 
heating  having  been  changed  to  internal  by  means  of  the  current.  No 
difference  is  observed.  The  following  day  a  series  was  taken  in  a  similar 
way  except  that  the  observations  were  made  with  decreasing  temperature. 
The  nature  of  the  temperature  change  remains  the  same  and  a  slight 
permanent  increase  appears. 

In  Series  4  the  systematic  heating  and  cooling  over  the  whole  tempera- 
ture range  was  not  followed,  but  no  peculiar  effects  were  observed. 
During  the  following  night  the  wire  lay  unstretched  and  it  is  pos^ble 
that  this  had  some  influence  in  causing  the  permanent  increase  of  elas- 
ticity observed  the  next  day.  Series  5  is  the  result  of  heating  and 
cooling  with  internal  heating  and  Series  6  is  for  the  same  treatment  with 
external  heating.  No  hysteresis  effect  appears  nor  does  there  appear 
any  difference  due  to  method  of  heating. 

Discussion  of  Series  7. — Series  7  is  the  most  interesting  single  set  of 
observations,  and  was  taken  in  order  to  compare  the  two  methods  of 
heating  without  permitting  the  elapse  of  several  hours  or  allowing  an 
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appreciable  change  of  temperature.  At  each  temperature  at  which 
observations  were  taken,  the  change  in  heating  was  made  gradually, 
without  permitting  the  temperature  of  the  wire  to  change.  Observation 
I  was  at  room  temperature.  Observation  3  was  with  current  heating. 
Without  permitting  more  than  a  few  degrees  variation  in  temperature 
the  current  in  the  wire  was  decreased  while  that  in  the  heater  was 
increased.  Observation  3  was  with  external  heating.  The  temperature 
was  then  increased  and  observation  4  taken.  Again  the  method  <^ 
heating  was  gradually  changed  until  observation  5  was  secured  with 
internal  heating  at  practically  the  same  temperature.  In  the  same  way 
6  and  7 ;  8  and  9;  10  and  1 1  were  taken.  The  results  show  in  a  striking 
manner  that  the  changes  accompanying  current  heating  are  only  tem- 
perature effects.  The  tests  of  the  tenth  day  with  internal  heating  gave 
Series  8, 

In  any  single  series  of  this  group  the  permanent  changes  with  treatment 
do  not  appear  prominent.  But  a  comparison  of  the  eight  curves.  Fig.  5, 
reveals  a  gradual  increase  of  Young's  modulus  from  day  to  day.  This 
was  caused  undoubtedly  by  the  continued  application  of  the  additional 
weight  which  caused  a  very  small  gradual  stretching. 

Efect  of  the  Period  of  Rest. — Two  days  after  the  observations  of  Series 
8  a  measurement  was  taken  at  room  temperature  after  which  the  wire 
was  undisturbed  for  106  days.  This  last  observation  appears  with 
Series  9,  Fig.  7,  and  a  comparison  with  point  I  shows  a  slight  recovery  of 
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Fig.  7. 
Results  of  WsM  upon  tptdmeD  No.  3  after  106-tlay  rest. 

the  wire  during  the  long  rest.  Nine  other  observations  were  then  taken 
with  an  idea  of  determining  whether  or  not  the  modulus  would  remain 
low  upon  heating.  This  proved  to  be  the  case  both  for  external  and  cur- 
rent heating  as  is  clearly  brought  out  by  comparison  with  the  dotted 
line  which  is  the  Series  6  curve.  Two  days  later,  as  shown  by  Series  lo, 
further  heating  and  testing  brought  the  specimen  back  to  its  former  state 
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for  low  temperatures  although  at  high  temperatures  greater  values  of 
Young's  modulus  were  observed  than  ever  before.  Too  much  stress 
must  not  be  laid  upon  these  slight  changes  in  the  wire.  The  difference 
between  Series  9  and  Series  6  is  small  and  may  have  its  origin  in  a  slight 
change  in  the  working  condition  of  the  apparatus  caused  by  its  period  of 
idleness.  The  important  fact  is  that  no  great  change  occurred  and  the 
wire  was  in  practically  the  same  condition  as  when  left.  The  explanation 
of  the  difference  io  slope  in  some  of  the  curves  is  that  the  experimental 
error  is  of  about  the  amount  of  the  variation.  The  total  change  in 
Young's  modulus  over  the  entire  temperature  range  is  only  10  per  cent, 
and  the  difference  in  stretch  which  this  represents  corresponds  to  less 
than  one  revolution  of  the  micrometer  head.  In  order  to  show  this 
variation  the  scale  to  which  Young's  modulus  is  plotted  has  to  be  so 
large  that  the  errors  of  observation  become  appreciable.  When  the 
magnitude  of  the  probable  error  is  taken  into  condderation  the  con- 
sistency of  the  curves  taken  under  such  a  variety  of  conditions  is 
remarkable. 

Conclusions. 

The  following  conclusions  apply  to  the  sample  of  copper  wire  that  has 
been  studied.  I  am  of  the  opinion  that  other  specimens  of  copper  will 
yield  results  differing  only  in  the  magnitude  of  the  changes,  and  believe 
that  the  results  are  very  suggestive  of  the  effects  that  can  be  expected  in 
other  metals.  But  work  with  iron  wire  now  under  way  and  certain  results 
of  other  investigations  to  which  reference  is  made  later  makes  me  feel 
that  too  great  caution  cannot  be  exercised  in  making  general  conclusions 
from  observations  upon  particular  samples. 

From  the  preliminary  observations  and  the  tests  upon  specimens  Nos. 
a  and  3  we  reach  these  conclusions: 

I.  A  copj)er  wire  can  be  brought  to  a  steady  elastic  state  in  which 
the  stretch  modulus  becomes  a  function  of  temperature.  In  the  present 
instance  it  was  brought  about  by  repeated  stretching  and  heating  and 
cooling  over  a  range  of  temperature  of  20°  C.  to  150"  C.  The  preliminary 
tests  show  that  the  rate  at  which  the  heat  was  applied  or  at  which  the 
wire  was  cooled,  the  length  of  time  the  temperature  was  maintained,  and 
the  thermal  route  by  which  a  given  temperature  was  reached  had  no 
apparent  effect  upon  the  value  of  the  modulus  at  any  given  temperature. 
These  same  facts  are  brought  out  still  more  convincingly  by  the  extended 
work  upon  specimens  2  and  3,  which  also  show  that  permanent  changes 
in  the  modulus  can  be  practically  eliminated  by  a  relatively  small  amount 
of  heating  and  stretching,  which  if  continued  for  a  longer  time  renders 
them  negligible. 
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2.  Heating  by  an  electric  current  has  no  effect  other  than  that  caused 
by  the  accompanying  temperature.  This  was  proved  for  one  tempera- 
ture by  the  results  of  Table  I.  and  at  a  number  of  different  temperatures 
by  the  work  of  Series  7,  Wire  2,  shown  in  Fig.  6,  in  which  the  heating 
was  alternately  by  current  and  the  external  source- 
Further  proof  with  step  by  step  heating  is  also  furnished  by  the 

identical  nature  of  the  results  recorded  in  the  four  curves  of  Fig,  4,  two 
curves  of  which  are  for  current  and  two  for  external  heating.  Con- 
clusive evidence  is  afforded  by  the  long  series  of  experiments  carried  out 
upon  the  third  specimen,  in  which  every  possible  way  of  varying  the 
methods  of  heating  was  attempted  without  detecting  any  difference  in 
the  results. 

3.  Young's  modulus  of  a  copper  wire  decreases  with  increase  of  tem- 
perature at  an  increasing  rate.  In  the  case  of  the  specimen  studied,  the 
amount  of  decrease  at  different  temperatures  in  terms  of  per  cent,  of  the 
valueof  the  modulus  at  20°  C.  is  as  follows:  40"  C,  0.6  per  cent.;  60°  C, 
1.7  per  cent.;  80°  C,  2.9  per  cent.;  loo"  C,  4.6  per  cent.;  120°  C,  7.0 
per  cent.;  140°  C,  lo.o  per  cent.  At  20*  C.  the  modulus  of  the  sample 
in  the  steady  elastic  state  was  11.5  X  10"  dynes  per  cm*. 

The  true  nature  of  the  temperature  change  was  first  shown  by  the 
work  with  specimen  2  as  represented  by  the  curves  of  Figs.  4  and 
was  fully  substantiated  by  the  further  work  with  specimen  3  which 
yielded  identical  results. 

4.  Heating  and  repeated  stretching  increases  Young's  modulus.  As 
is  shown  by  the  results  with  specimen  3  there  is  an  apparent  increase  of 
about  5  per  cent,  caused  by  the  first  four  heatings  and  the  accompanying 
stretching,  which  is  thought  to  be  due  in  part  to  the  straightening  out 
of  the  kinks.  But  there  was  a  further  increase  of  2  per  cent.,  which 
was  a  true  history  effect,  although  caused  probably  as  much  by  the 
repeated  stretching  as  by  the  heating. 

Comparison  with  Results  of  Others. 

As  has  already  been  stated  previous  results  upon  the  effect  of  current 
do  not  agree.  A  comparison  of  these  with  the  present  work  will  not  be 
attempted  as  the  degree  of  accuracy  in  the  latter  is  far  greater.  The 
conclusion  that  there  is  no  effect  of  current  upon  copper  other  than  that 
caused  by  temperature  can  be  accepted  to  an  accuracy  of  less  than 
I  per  cent. 

An  interesting  comparison  regardii^  the  history  effect  and  the  magni- 
tude of  change  with  temperature  is  fumbhed  by  the  work  of  Shakespeare,* 
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who  used  interference  methods  to  determine  the  modulus  at  13°  C.  and 
at  100°  C.  He  does  not  compute  the  value  of  the  modulus  but  gives 
the  change  from  13°  C,  to  100°  C,  as  3.6  per  cent.  For  this  range  the 
present  specimen  shows  a  change  of  5  per  cent.  Shakespeare  also  found 
that  the  modulus  increased  with  continued  heating  and  cooling,  until  a 
permanent  state  was  reached.  The  first  heating  produced  a  sudden 
increase  of  several  per  cent,  which  was  followed  by  a  gradual  change. 
Nine  heatings  produced  a  total  increase  of  12  per  cent.  The  permanent 
change  described  in  this  paper  was  of  the  same  kind  and  amounts  to 
7  per  cent. 

In  the  following  comparison  of  results  upon  the  temperature  effect  the 
bracketed  figures  are  taken  from  our  own  curves.  At  20°  C.  our  value 
of  Young's  modulus  was  11.5  X  10"  dynes  per  cm'.  Miss  Noyes' 
found  the  modulus  of  a  specimen  of  copper  to  be  12.02  at  20°  C.  This 
and  another  specimen  tested  at  temperatures  up  to  150°  C.  gave  a  uniform 
decrease  of  the  modulus  which  computed  for  20°  C.  to  140°  C.  gives  a 
change  of  8.5  per  cent,  and  16  j)er  cent,  respectively  [10  per  cent.].  At 
17.4'  C.  Gray,  BIyth,  and  Dunlop*  found  the  modulus  of  a  sample  of 
commercial  copper  to  be  11. 15  and  of  hard  drawn  electrolytic  copper  at 
19.5°  C.  to  be  12.9.  They  made  tests  over  a  range  of  100°  C.  and  reported 
a  uniform  rate  of  decrease  which  computed  for  20°  C.  to  100°  C.  gives 
for  the  two  samples  changes  of  i  .3  per  cent,  and  34  per  cent,  respectively 
[4.6  percent.]. 

Slotte*  found  for  two  specimens  changes  of  6.6  per  cent,  and  4.2  per 
cent,  respectively  [1.5  per  cent.],  for  a  tem[>erature  increase  from  20°  C. 
to  60°  C.  The  moduli  at  20°  C.  were  respectively  12.4  and  12.7.  The 
more  important  point  ts  that  he  did  not  find  a  uniform  rate  of  change. 
The  modulus  of  the  former  specimen  decreased  at  an  increasing  rate 
while  the  latter  shows  a  decrease  at  a  decreasing  rate.  Decrease  of  the 
modulus  at  an  increasing  rate  is  also  indicated  by  the  work  of  Wertheim.* 
If  his  results  at  15°  C,  100°  C,  and  at  200"  C.  are  plotted  and  a  smooth 
curve  drawn  it  is  almost  identical  with  our  own  curves,  except  that  the 
values  are  about  10  per  cent,  lower.  Regarding  the  nature  of  the  change 
observations  on  the  torsion  modulus  are  valuable  although  too  great 
stress  must  not  be  placed  on  them.  Kohlrausch  and  Loomis'  made 
observations  upon  copper  at  various  temperatures.  They  found  an 
increasing  rate  of  change  as  the  temperature  increased.  Computed  for 
30°  C.  to  100°  C.  the  change  is  4.2  per  cent,  [4.7  per  cent.],  and  for  20°  C. 
to  140"  C.  7.5  per  cent.  [10  per  cent.].    Slotte*  has  also  made  a  study 
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of  the  torsion  modulus  of  copper  and  finds  the  same  increasing  rate  of 
change.  Corres[>onding  values  from  his  work  are  5.9  per  cent,  and  8.3 
per  cent. 

The  results  that  have  been  cited  must  be  considered  from  two  stand- 
points, first  as  to  the  general  nature  of  the  changes  of  Young's  modulus, 
whether  uniform  or  otherwise,  and  secondly,  regarding  the  numerical 
values. 

Examination  of  the  methods  of  those  who  have  Te[>orted  a  uniform 
decrease  shows  that  their  work  was  not  of  sufficient  accuracy  to  have 
detected  the  variation  from  a  linear  relation  found  by  others.  We  are 
not  certain  how  much  importance  should  be  attached  to  the  work  of 
Slotte  upon  Young's  modulus.  He  worked  also  with  aluminum,  iron, 
and  platinum  as  well  as  copper  and  found  a  decreasing  rate  of  change. 
None  of  these  results  seem  to  have  been  repeated.  The  torsion  modulus 
can  be  determined  to  a  much  higher  degree  of  accuracy  and  Slotte's 
recent  work  upon  the  torsion  modulus  of  all  these  metals  shows  an 
increasing  rate  of  change.  Since  the  evidence  that  is  available  points 
toward  a  similarity  in  the  nature  of  the  temperature  change  of  the  two 
moduli  this  raises  a  question  as  to  whether  Slotte's  former  results  upon 
Young's  modulus  are  a  true  temperature  effect. 

With  the  results  of  Wertheim  and  of  Slotte  upon  one  specimen  agreeing 
with  our  own  and  the  work  of  Kohlrausch  and  Loomis  and  of  Slotte  upon 
the  torsion  modulus  showing  the  same  general  type  of  change,  I  believe 
that  the  conclusion  that  Young's  modulus  of  copper  decreases  with  in- 
crease of  temperature  at  an  increasing  rate  has  sufficient  corrobora- 
tion. 

A  comparison  of  the  numerical  values  of  Young's  modulus  and  of  the 
temperature  coefficient,  ample  allowance  being  made  for  experimental 
error,  leaves  no  doubt  as  to  the  importance  of  chemical  purity,  method 
of  preparation,  and  size  of  specimen.  It  is  possible  that  samples  of 
copper  may  be  found  that  will  show  effects  peculiar  to  current  heating, 
or  will  not  give  modulus-temperature  curves  of  the  simple  form  that  I 
have  found,  but  I  am  inclined  to  believe  the  main  differences  will  be 
found  in  the  magnitude  of  the  coefficients.  Undoubtedly  further  work 
will  reveal  some  relation  between  the  chemical  composition,  the  coefficient 
of  linear  expansion,  the  electrical  conductivity,  and  other  physical  con- 
stants, and  the  value  of  Young's  modulus  and  its  rate  of  change  with 
temperature.  Investigation- is  under  way  upon  other  metals  in  order 
to  study  the  effect  of  current,  to  determine  the  temperature  coefficient 
of  Young's  modulus,  and  to  study  the  relation  between  the  temperature 
changes  of  the  two  elastic  moduli. 
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THE  EFFECT  OF  SPACE  CHARGE  AND  RESIDUAL  GASES 
ON  THERMIONIC  CURRENTS  IN  HIGH  VACUUM. 

BV    IRVINC   LANCUUfR. 

WHEN  a  carbon  or  metal  filament  is  heated  in  a  vacuum  and  sur- 
rounded by  a  positively  charged  metal  cylinder,  it  is  well  known 
that  electrons  are  given  off  by  the  hot  solid.  This  effect  in  lamps  has 
been  commonly  known  as  the  Edison  effect  and  has  been  rather  fully 
described  in  the  case  of  carbon  lamps  by  Fleming.' 

Richardson  and  others  have  studied  quantitatively  the  ionization 
produced  by  hot  solids,  especially  from  heated  platinum,  and  have  col- 
lected a  lai^e  amount  of  data.  It  has  generally  been  found  that  the 
saturation  current  is  independent  of  the  pressure  of  the  gas  and  increases 
rapidly  with  increasing  temperature  of  the  filament.  However,  certain 
gases  were  found  to  have  very  marked  effects;  for  example,  traces  of 
hydrogen  were  found  to  enormously  increase  the  saturation  current 
obtained  from  hot  platinum.*  Recent  investigations  have  shown*  that 
at  least  in  some  cases  the  current  is  due  to  secondary  chemical  effects. 

Pring  and  Parker*  showed  that  the  current  obtained  from  incandescent 
carbon  could  be  cut  down  to  very  small  values  by  progressive  purification 
of  the  carbon  and  improvement  of  the  vacuum.  They  conclude  that 
"the  large  currents  hitherto  obtained  with  heated  carbon  cannot  be 
ascribed  to  the  emission  of  electrons  from  carbon  itself,  but  that  they  are 
probably  due  to  some  reaction  at  high  temperatures  between  the  carbon, 
or  contained  impurities,  and  the  surrounding  gases,  which  involves  the 
emission  of  electrons."  Pring  and  Parker  observed  also  that  the  ioni- 
zation (or  rather  thermionic  current)  "increased  only  very  slightly  with 
the  temperature  above  1800°. " 

The  effect  of  these  publications,  tt^ether  with  that  of  Soddy,*  who 
noriced  similar  effects  with  a  Wehnelt  cathode,  has  been  to  cast  doubt  on 
the  existence  of  a  thermionic  current  in  a  perfect  vacuum  and  from  pure 
metals.    The  opinion  seems  to  be  gaining  ground,  especially  in  Germany, 

'  Pbii.  Mag.,  4'.  p'  S3  (1896). 

•  H.  A.  Wilson,  Phil.  Ttana.,  101,  243  (1903). 

•  Predenhagen.  Ver.  d.  phya.  Gea..  14,  3S4  (1912). 
<PM.  Mai..  33,  193  (tgis). 

•  Nature,  77.  S3  (1907). 
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that  the  emission  of  electrons  from  incandescent  solids  is  a  secondary 
•effect  produced  by  chemical  reactions,  or  at  least  is  caused  by  the  presence 
of  gas. 

With  the  above-mentioned  exceptions,  it  has  generally  been  found 
that  the  thermionic  current  increased  with  the  temperature  at  a  very 
high  rate.  The  relation  between  current  and  temperature  was  usually 
jiccurately  represented  by  Richardson's  equation 

where  a  and  b  bre  constants  and  i  is  the  saturation  current  at  the  absolute 
temperature  7*. 

If  the  older  values  of  a  and  b  as  found,  for  example,  for  carbon,  are 
substituted  in  the  above  equation  and  the  currents  for  very  high  tem- 
peratures (above  2500°)  are  calculated,  values  of  many  amperes  or  even 
thousands  of  amperes  per  square  cm.  are  usually  obtained.  This  raises 
the  question  why  in  ordinary  incandescent  lamps  very  lai^  thermionic 
currents  do  not  occur. 

There  is  every  reason  to  think  that  the  thermionic  current  from 
tungsten  should  be  fairly  large.  When  we  run  a  tungsten  lamp  up  to  2 
oreven2.5  tim&i  its  normal  voltage  (filament  temperature  2900-3400°  K.) 
we  should  therefore  expect  to  get  thermionic  currents  of  several  amperes 
between  the  two  ends  of  the  filament.  Simple  observation  of  a  lamp 
run  under  such  conditions  indicates  that  this  is  not  the  case.  For 
example,  consider  a  lamp  which  takes  no  volts  and  0.3  ampere  when 
running  at  normal  specific  ponsumption  (1.25  watts  per  candle).  By  rais- 
ing the  voltage  to  250,  the  temperature  of  the  filament  will  be  brought  to 
about  3000°  K.  and  the  current  is  then  about  0.45  ampere.  The  resistance 
of  the  filament  has  thus  increased  from  366  ohms  up  to  555.  The  total 
surface  of  the  filament  is  nearly  half  a  square  cm.,  yet  it  is  evident  that 
if  there  is  any  thermionic  current  between  the  two  ends  of  the  filament, 
it  cannot  exceed  a  few  hundredths  of  ah  ampere.  This  apparent  dis- 
crepancy between  the  results  of  calculation  by  Richardson's  equation  and 
the  facts  observed  with  a  tungsten  lamp  seemed  at  first  to  confirm  the 
growing  opinion  that  in  a  very  high  vacuum  the  thermionic  current  is 
very  small,  if  not  entirely  absent. 

Experiments  on  the  Edision  effect  in  tungsten  lamps,  made  some  time 
ago  by  the  writer,  throw  a  great  deal  of  light  on  the  cause  of  the  apparent 
failure  of  Richardson's  equation  at  high  temperatures.  The  observa- 
tions therefore  seem  of  sufficient  interest  to  warrant  their  publication. 
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Experiments  on  Edison  Effect  in  Tungsten  Laups. 

Some  lampa  were  made  containii^  two  single  loop  (hairpin)  tungsten 
filaments  with  separate  leadtng-in  wires.  Each  loop  could  thus  be  run 
separately.  The  lamps  were  given  a  specially  good  lamp  exhaust,  which 
involved  heating  them  to  360°  for  an  hour  while  being  exhausted  with  a 
mercury  pump.  A  trap  immersed  in  liquid  air  was  placed  between  the 
pump  and  the  lamp  to  condense  out  water  vapor,  carbon  dioxide  and 
mercury  vapor.  The  filaments  were  then  connected  in  series  and  the 
lamps  run  at  a  specific  consumption  of  about  i  watt  per  candle  for  fifteen 
minutes,  to  drive  the  gas  from  the  filaments.  The  lamps  were  then 
sealed  ofF  from  the  pump  and  the  filaments  were  again  heated,  this  time 
being  run  at  0.4  watt  per  candle  for  a  few  minutes,  to  age  the  filaments 
and  improve  the  vaccuum  (clean-up  effect). 

Experiments  were  then  undertaken  to  measure  the  thermionic  currents 
that  flowed  across  the  space  between  the  two  filaments  when  one  was 
heated  to  various  temperatures  while  the  other  was  connected  to  a  con- 
stant source  of  positive  potential  of  about  125  volts.  A  miliiammeter 
was  connected  in  series  with  the  cold  filament. 

When  the  temperature  of  the  cathode  filament  was  raised  to  about 
2000°  K.  a  current  of  about  o.oooi  ampere  was  observed  to  flow  between 
the  two  filaments.  As  this  temperature  was  raised  the  thermionic  current 
rose  very  rapidly,  until  at  about  2200°  K.  it  was  about  .0006  ampere. 
As  the  temperature  was  raised  above  2200°  K.,  no  further  increase  in  the 
thermuMiic  current  occurred,  even  when  the  filament  was  heated  nearly  to 
the  melting-point  {3540°  K.).  By  raising  the  voltage  on  the  anode  to 
about  250  volts,  the  thermionic  current  increased  to  about  .0015  ampere. 
It  required,  however,  a  temperature  about  200°  higher  to  reach  this 
current  than  had  been  found  necessary  to  reach  the  maximum  current 
at  the  lower  voltage.  At  temperatures  below  2200°  K.,  the  current  was 
practically  the  same  with  125  as  with  250  volts. 

The  results  of  a  later  and  more  accurate  experiment  are  given  in  Fig.  i. 
The  filament  used  for  these  measurements  consisted  of  a  single  loop  of 
drawn  tungsten  wire,  of  diameter  .0069  cm.  and  total  length  of  10,84 
cm.  and  area  of  0.234  sq.  cm.  A  similar  filament,  at  a  distance  of  about 
1.2  cm.,  served  as  anode.  Both  filaments  had  been  aged  a  couple  of 
hpurs  at  high  temperature  and  the  vacuum  thus  obtained  was  certainly 
better  than  io~*  mm.' 

The  temperatures  of  the  filament  were  determined  from  the  relation 

11.230 
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where  H  is  the  intrinsic  brilliancy  of  the  filament  in  international  candles 
per  sq.  cm.  of  projected  area.' 

The  points  indicated  by  small  circles  (Fig.  l)  are  experimentally 
determined.  Two  different  anode  voltages  were  used  1240  and  120  volts, 
with  respect  to  the  negative  terminal  of  the  filament  which  served  as 
hot  cathode.  The  voltage  used  to  heat  the  cathode  varied  from  about 
7  to  15  volts,  so  the  average  potential  difference  between  anode  and  cathode 
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Fig,  1. 

was  somewhat  less  than  240  and  120  volts.  The  curve  given  for  60  volts 
was  determined  from  other  experiments  devised  especially  to  determine 
the  effect  of  voltage  variations. 

It  is  seen  from  these  curves  that  at  low  temperatures  the  current  for 
all  three  voltages  is  the  same,  but  that  as  the  temperature  is  raised  the 
currents  at  the  lower  voltages  fall  below  those  for  higher  voltages  and 
finally  each  in  turn  reaches  a  constant  value. 

By  plotting  (log.  *  —  i  log  T)  against  ijT  it  was  found  that  all  the 
points  on  the  240-volt  curve  up  to  a  temperature  of  about  2150°  lay  very 
dose  to  a  straight  line.    This  indicates  that  these  results  can  be  expressed 

'  The  derivatJoQ  of  this  formula  will  soon  be  published.  prai>ably  in  the  Physical  Rbvibw. 
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by  Richardson's  equation.     From  the  slope  and  position  of  the  line,  the- 
values  of  a  and  b  of  Richardson's  equation  were  found  to  be 

a  =  27  X  10*  (amperes  per  sq.  cm.), 
b  =  55,600      (degrees). 

The  heavy  black  curve  of  Fig.  i  was  calculated  by  plotting  Richardson's' 
equation,  using  these  values  of  a  and  b.  The  agreement  between  this- 
curve  and  the  experiments  at  low  temperature  is  nearly  perfect;  in  fact, 
much  better  than  can  be  seen  from  Fig.  i. 

It  is  seen  that  each_  experimentally  determined  curve  can  be  divided 
into  three  parts: 

1.  A  part  which  follows  Richardson's  equation  accurately. 

2.  A  part  which  consists  of  a  horizontal  straight  line;  that  is,  a  part 
in  which  the  current  is  independent  of  the  temperature  of  the  filament. 

3.  A  transition  curve  between  these. 

The  horizontal  part  of  the  curve  was  of  particular  interest.  The 
current  being  independent  of  the  temperature  of  the  filament  is  probably 
inde[>endent  of  the  nature  of  the  cathode.  It  seemed  possible,  however^ 
that  it  might  be  dependent  on  the  anode.  Several  experiments  were 
undertaken  to  determine  the  factors  which  governed  the  value  of  this- 
new  kind  of  "temperature"  saturation  current.  It  was  found  that  it 
was  very  largely  affected  by  any  one  of  the  four  factors: 

1.  Voltage  of  anode. 

2.  Presence  of  magneric  field. 

3.  Area  of  anode. 

4.  Distance  from  anode  to  cathode. 

It  is  especially  noteworthy  that  none  of  these  factors  had  any  influence 
on  the  thermionic  current  over  the  first  part  of  the  curve;  ».  e.,  that  part 
which  follows  Richardson's  equation.  That  is,  the  constants  a  and  b 
were  not  affected  by  voltage,  or  magnetic  field  or  distance  or  area  of 
anode. 

After  trying  out  several  hypotheses  which  suggested  themselves,  it 
finally  occurred  to  the  writer  that  this  tem[}erature  saturation  might  be 
due  to  a  space  chaise  produced  by  the  electrons  between  the  cathode  and 
anode.  The  theory  of  electronic  conduction  in  a  space  devoid  of  all 
positive  chaises  or  gas  molecules  seems  to  have  been  strangely  neglected. 
It  has  apparently  always  been  taken  for  granted  that  positive  ions  are 
present,  or  at  least  a  sufficient  amount  of  gas,  so  that  the  motion  of  the 
electrons  follows  the  laws  of  diffusion.  J.  J.  Thomson*  gives  the  dif- 
ferential equations  that  apply  to  the  calculation  of  electron  conduction 

>  Conduction  of  Electricity  through  Gaaea,  3d  edition,  p.  2x3. 
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.  through  space,  and  suggests  that  a  method  for  the  determination  of 
e/m  could  be  worked  out  in  this  way.  He  apparently  does  not  fully 
integrate  the  equations  or  realize  their  application  to  ordinary  thermionic 
currents. 


Theory  of  Electronic  Conduction  in  a  Space  Devoid  of  Molecules 
OR  Positive  Ions. 

In  order  to  form  a  clear  conception  of  the  problem  before  us,  let  us 
consider  (see  Fig.  2)  two  infinite  parallel  planes,  A  and  B,  one  of  which, 
A,  has  the  properties  of  an  incandescent  solid;  that  is,  we  assume  that 
it  emits  low  velocity  electrons  spontaneously.  The  other,  plane  B,  we 
consider  to  be  positively  charged. 

Now  if  the  temperature  of  the  plate  A 
is  so  low  that  few  or  no  electrons  are 
emitted,  then  the  potential  between  the 
two  plates  will  vary  linearly  between  the 
two,  as  indicated  by  the  Kne  PT. 

As  the  temperature  of  A  is  raised, 
electrons  are  emitted.  Under  the  influ- 
ence of  the  field  these  pass  across  the 
space  from  A' to  B  and  thus  constitute 
a  current  of  magnitude  i  (per  sq.  cm.). 

These  electrons  move  with  a  velocity 
which  depends  on  the  potential  drop 
through  which  they  have  passed.  Let 
us  assume,  as  a  first  rough  approxima- 
tion, that  they  move  with  constant  velocity  across  the  space.  Then 
there  will  be  in  the  unit  volume  a  space  chaise  p  equal  to  i/v,  where  v  is 
the  velocity  of  the  electrons.  If  the  velocities  are  uniform,  the  space 
charge  will  be  uniform  and  it  follows  from  Laplace's  equation 


Fig.  2. 


(2) 
that 

(3) 
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d^V  , 


—  i^'P 


tPV 


-  4Tp. 


If  we  condder  p  constant  and  negative  {for  electrons),  we  see  from  this 
equation  that  the  potential  distribution  between  the  two  plates  takes  the 
form  of  a  parabola,  as  indicated  by  the  curve  PST. 

If  the  temperature  of  the  plate  A  be  increased  still  further,  the  electron 
current  increases  so  that  the  potential  curve  finally  becomes  a  parabola 
with  a  horizontal  tangent  at  P. 
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If  we  assume  that  the  electrons  are  given  off  from  the  plate  A  with 
practically  no  initial  velocity,  we  see  that  the  current  cannot  increase 
beyond  the  point  where  the  potential  curve  becomes  horizontal  at  P, 
for  any  further  increase  of  current  would  make  the  potential  curve  at  P 
slope  downwards  and  the  electrons  would  be  unable  to  move  against  this 
unfavorable  potential  gradient. 

In  other  words,  we  see  that  the  effect  of  the  space  chai^  is  to  limit 
the  current.  A  further  increase  in  the  temperature  of  the  plate  A  would 
then  not  cause  an  increase  of  current. 

Electron  Current  between  Parallel  Planes. — Let  us  now  attempt  a  more 
rigorous  solution  of  the  problem. 

It  has  been  shown  by  Richardson  and  others  that  the  mean  kinetic 
energy  of  the  thermions  is  closely  equal  to  that  of  gas  molecules  at  the 
same  temperature.  This  indicates  that  they  have  velocities  so  low  that 
very  few  of  them  are  capable  of  moving  against  a  negative  potential  of 
more  than  a  couple  of  volts.  .Since  the  voltages  applied  to  the  anode  are 
much  lai^er  than  this,  we  may  assume,  for  convenience,  that  the  electrons 
are  given  off  by  the  plate  A  without  initial  velocity. 

Now  let  V  be  the  potential  at  a  distance  x  from  the  plate  A.  The 
kinetic  enei^  of  an  electron  when  it  has  traveled  the  distance  x  from  the 
plate  will  thus  be 

(4)  ,  Jmi/*  =  Ve. 

The  current  (per  unit  area)  carried  by  the  electrons  at  any  place  will  be 

(5)  *  =  pv. 

For  convenience,  we  take  e  and  p  positive  even  for  electrons.  Equation 
(3)  thus  becomes  (in  electrostatic  units) 

(6)  ^  -  4TP. 

These  three  equations  enable  us  to  express  V^  as  a  function  of  x  and  i. 
By  eliminating  p  and  v  from  (4),  {5)  and  (6),  we  obtain 

Multiply  this  by  2-dV/dx  and  integrate 

ten' 

erei 
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gradient  all  the  electrons  that  are  given  ofF  from  the  plate  A  will  reach 
B,  so  that  the  current  that  flows  will  be  determined  by  Richardson's 
equation.  The  case  that  we  are  interested  in  is  that  in  which  the  current 
is  less  than  the  saturation  current  and  is  determined  by  the  volt^e  of 
the  anode.  Evidently  for  this  case  the  potential  gradient  at  the  plate 
A  is  zero;  that  is, 

{%),  -  "■ 

whence  from  (8)  by  extracting  the  square  root: 

(9)  -&-^8''V-r- 

Integrating  and  solving  for  »,  we  obtain: 

^    '  <)v  \  m  3? 

This  equation  ^  gives  the  maximum  electron  current  density  between 
two  infinite  parallel  plates  with  the  distance  x  between  them  and  with  a 
potential  difference  V.  This  equation  holds  only  where  the  initial 
velocity  of  the  electrons  at  the  plate  A  is  negligible  compared  to  that 
produced  by  the  potential  V.  It  does  not  hold  at  such  high  voltages 
that  the  electrons  move  with  velocities  approaching  that  of  light. 

Taking  ejm  =  1.77  X  10^  E.M.  units,  reducing  to  E.S.  units  and  sub- 
stituting in  (10)  and  then  reducing  to  volt,  ampere  units,  we  obtain 
from  equation  (10): 

(11)  i  -  2.33  X  10"'-^' 

where  i  is  the  maximum  current  density  in  amperes  per  sq.  cm.,  x  is  the 
distance  between  the  plates  in  centimeters,  and  V  is  the  potential  dif- 
ference in  volts. 

Electron  Current  between  Concentric  Cylinders. — Let  us  consider  a  wire 
of  radius  a  placed  in  the  axis  of  a  cylinder  of  radius  r.  Let  t  be  the  ther- 
mionic current  per  unit  of  length  from  the  wire. 

For  the  case  of  symmetrical  cylindrical  coordinates,  Laplace's  equation 
becomes* 

Id/    dV\ 


.T7      ^d  I    dV\ 


'  Since  aubmltUng  this  paper  for  publicatioD  tbe  attention  of  the  writer  has  been  called 
to  the  fact  that  C.  D.  Child  (Phvs.  Rbv.,  ji,  493.  igti).  has  already  derived  tbla  equation. 
He  lias,  however,  applied  it  only  to  the  case  where  tbe  ^conduction  takes  place  solely  bjr 
po«Itive  ions. 

'Weber's  Differential  Glelcfatuig«i).  1900.  Vol.  i.  p.  98- 
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(">  d-rV-dT)-'*"'- 

The  equation  corresponding  to  (5)  is 

(13)  »  =  swrpB. 

These  two  equations,  tt^ther  with  equatioD  (4),  which  also  applies  to 

this  case,  give  us 

<PV      dV       .    \2m 

This  equation  probably  cannot  be  directly  integrated,  but  it  is  possible 
to  obtain  a  result  in  terms  of  a  series.     The  final  solution  takes  the  form 


<I5) 


9 


Smr0*' 


where  j3  is  a  quantity  which  varies  from  0  to  r .    The  value  of  jS  can  be 
obtained  by  substituting  equation  (15)  in  (14)  and  placing 
(16)  r  =  ae\ 

Equation  (14)  is  thus  reduced  to 

(■"  3«rg  +  (^)"  +  '^|  +  «'-'-°- 

The  solution  of  this  equation  gives 


(18) 

where 


^  =  T-|-r*  +  M7'-jHifT*+- 


=  ln~ 


Mr.  E.  Q.  Adams,  of  this  laboratory,  has  calculated  the  values  of  (3 
for  various  values  of  r/a  £md  has  shown  that  the  value  of  0  rapidly  ap- 
proaches unity  and  that  for  all  values  of  r/a  greater  than  10,  fl  may  for 
most  purposes  be  taken  equal  to  unity:  The  (oUowii^  table  was  prepared 
from  Mr.  Adams'  data: 

Table  I. 


n« 

^ 

rh 

V 

!.00 

0.000 

5.0 

0.755 

1.25 

0.045 

6.0 

0.818 

1.50 

0.116 

7.0 

0.867 

1.75 

0.200 

8.0 

0.902 

2.00 

.    0.275 

9.0 

0.925 

2.50 

0.405 

10.0 

0.940 

3.00 

0.S12 

15.0 

0.978 

4.00 

0.66S 

« 

1.000    ' 
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Since  in  practical  cases  the  diameter  of  the  cylinder  around  the  wire 
is  usually  much  more  than  ten  times  that  of  the  wire,  the  formula  (i) 
may  usually  be  written 

,    ,  .      2*^2    feV* 

(19)  t J . 

That  is,  the  maximum  electron  current  from  a  small  wire  is  independent 
of  the  diameter  of  the  wire,  inversely  proportional  to  the  radius  of  the 
enclosing  cylinder  and  proportional  to  V. 

Substituting  numerical  values  for  e/m  and  reducing  to  ordinary  electrical 
units  (volts,  amperes,  cm.)  equation  (19)  becx)mes 

V 

(20)  «  =  14.65  X  IQ-'"- 

Electron  Current  between  Electrodes  of  Other  Shapes. — It  can  be  shown 
that  between  electrodes  of  any  shape  the  maximum  electron  current 
varies  with  F*.  Let  us  consider  a  system  in  which  we  have  the  maximum 
electron  current  with  the  potentt£il  difference  V.  Then  Lapla<%'a 
equation 

(2),  A7  =  4irp 

holds  for  such  a  space,  as  well  as  the  two  equations 

(5)  *  -  (» 

and 

(4)  i»m^  -  Ve. 

Now  let  us  increase  the  voltage  in  the  ratio  i  :  n  and  increase  the 
current  in  the  ratio  i  :  n'.     i)quations  (5)  and  (4)  thus  become 

nH  =  pv, 
|mn*  =  nVe. 
Eliminating  c  from  these,  and  solving  for  p,  we  get 


'-"'•iw,- 


From  this  we  see  that  p  has  been  increased  «  fold.  However,  since 
V  has  been  increased  also  n  fold,  Laplace's  equation  (2)  still  holds. 
Hence  we  see  that  increasing  the  current  by  a  factor  n'  and  increasing 
the  voltage  by  the  factor  n,  leads  to  a  condition  which  still  satisfies  the 
three  equations  {2),  (4),  and  (5).  This  is,  however,  equivalent  to  in- 
creasing the  current  proportionally  to  V*.  We  thus  see  that  whatever 
.  the  configuration  of  the  electrodes,  the  maximum  electron  current  varies 
with  V*. 
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Discussion  of  the  Theokt. 

The  foregoing  theoretical  omsiderations  have  indicated  that  in  a 
space  devoid  of  positive  ions,  or  gas  molecules,  the  space  char^  caused 
by  the  electrons  limits  the  current  that  flows  between  a  hot  cathode  and 
cold  anode  under  a  given  difference  of  potential.  It  now  remains  to 
compare  the  maximum  currents  obtained  in  the  experiments,  with  those 
calculated  from  the  equations  that  have  been  derived. 

Let  us  consider  the  data  given  in  Fig.  I.  The  maximum  electnm 
current  at  120  volts  was  .000426  ampere  from  the  hot  filament,  or  .00182 
ampere  per  sq.  cm.  At  240  volts  the  total  current  was  .00130  ampere, 
or  .00556  ampere  per  sq.  cm.  Since  we  are  not  dealing  with  parallel 
plane  electrodes,  nor  with  concentric  cylinders,  neither  equation  (11) 
nor  (20)  will  apply  rigorously.  We  are,  however,  mainly  concerned  in 
determining  whether  the  space  chai^  is  an  adequate  explanation  of  the 
observed  limitation  of  the  thermionic  current,  and  therefore  can  test  out 
the  two  equations  by  calculating  the  distances  which  would  have  to 
exist  between  plane  or  cylindrical  electrodes  in  order  to  give  the  observed 
thermionic  currents. 

We  will  first  test  out  equation  (ii),  which  should  apply  to  paralld 
plane  electrodes.  l.et  us  take  the  observed  values  of  V  and  i  and  calculate 
X.    We  thus  obtain: 

For  V  =  120  volts  and  *  —  .00182,  we  find  x  —  1.30  cm.; 
V  =  240  volts         »  =  .00556,  we  find  x  =  1.25  cm. 

Our  formula  thus  indicates  that  the  current  density  between  parallel 
plane  electrodes  about  1.3  cm.  apart  would  be  the  same  as  that  observed. 
This  is,  however,  very  close  to  the  actual  distance  between  the  electrodes. 
The  very  close  agreement  is  probably  due  to  the  counter-balancing  of 
two  factors:  first,  the  weakening  of  the  electrostatic  field,  due  to  the  flare 
of  the  lines  of  force  around  the  wires,  and  second,  the  reduction  of  the 
intensity  of  the  space  charge  owing  to  this  same  flare. 

Let  us  now  test  the  equation  (20),  which  should  apply  to  concentric 
cylinders.     Since  the  wire  was  10.8  cm.  long,  the  values  of  i  (amperes 
per  cm.)  were  .0000394  ^t  120  volts  and  .000120  at  240  volts.     Sub- 
stituting these  values  in  (20)  and  solving  for  r  we  obtain 
at  i20^volts  f  =  490,  cm., 
240  volts  r  =  450.  cm. 

We  see  that  the  radius  of  a  cylindrical  anode  would  have  to  be  very 
lai^  C470  cm,),  in  order  to  give  only  the  observed  thermionic  current, 
This  result,  however,  appears  perfectly  reasonable,  for  the  field  produced 
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by  a  small  wire  anode  is  naturally  much  weaker  than  that  produced  by  a 
cylindrical  anode  surrounding  the  cathode. 

The  numerical  values  obtained  from  these  equations  are  certainly  of 
the  right  order  of  magnitude  and  agree  as  well  with  the  experimental 
results  as  could  be  expected  when  the  shape  of  the  electrodes  departs 
so  far  from  those  assumed  in  the  calculations. 

We  have  seen  that  the  theory  leads  us  to  the  conclusion  that  for  elec- 
trodes of  any  shape  the  maximum  thermionic  current  should  vary  with 
V*.  This  can  be  readily  tested  out  from  the  experiment.  The  ratio 
of  the  currents  at  the  two  voltages  is  3.05.  Taking  the  2/3  power  of 
this  ratio,  the  voltage  ratio  should  be  2.10,  whereas  actually  it  was  2.0, 
However,  it  must  be  remembered  that  the  voltage  of  the  anode  was 
measured  from  the  negative  end  of  the  filament,  so  that  the  average 
voltf^e  drop  from  anode  to  cathode  was  about  seven  or  eight  volts  less 
than  those  given.  This  would  give  for  the  voltage  ratio  232  :  112,  or 
2.07,  as  against  the  2.10  calculated  by  the  three-halves  power  law. 

Several  experiments  have  been  undertaken  to  study  the  relation  of 
maximum  current  to  voltage  over  a  wide  range  of  voltage.  Voltages 
from  10  volts  up  to  800  volts  have  been  tried  and  the  results  plotted  on 
logarithmic  paper.  From  the  slopes  of  the  resulting  lines  the  exponent 
of  the  voltage  was  calculated.  Values  varying  from  1.5  to  1,7  have  been 
obtained.  Under  certain  conditions,  to  be  described  in  more  detail  later, 
values  much  higher  than  these  are  sometimes  obtained. 

The  above  considerations  indicate  that  the  space  chaige  produced  by 
the  electrons  is  a  siiflicient  cause  for  the  limitation  of  current  observed 
in  the  experiments. 

Effect  of  Residual  Gases  on  Constants  of  Richardson's  Equation. 
In  some  of  the  early  experiments  on  the  thermionic  current  between 
two  tungsten  filaments,  extremely  variable  results  were  obtained  for  the 
constants  of  Richardson's  equation.  In  many  cases,  however,  when 
anode  potentials  as  high  as  150  or  250  volts  were  applied,  a  blue  glow 
appeared  in  the  lamp,  indicating  ionization  of  the  residual  gas.  To  get 
rid  of  this,  the  two  filaments  were  connected  in  series  and  both  heated 
to  a  very  high  temperature  (2900°  K.)  for  a  few  minutes.  This  "cleans 
up"  the  vacuum  to  an  extremely  high  degree.  The  writer  is  publishing 
a  series  of  articles  in  the  Journal  of  the  American  Chemical  Society  on 
the  clean  up  of  various  gases  in  a  tungsten  lamp.  It  has  been  found  that 
with  a  very  high  temperature  of  the  filament,  all  gases  except  the  inert 
ones  may  be  removed  practically  quantitarively.  This  treatment  of 
the  lamp  to  improve  the  vacuum  resulted  in  a  marked  change  in  the 
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constants  of  Richardson's  equation  and  also  changed  the  maximum 
thermionic  currents. 

To  still  further  improve  the  vacuum  in  some  cases,  the  entire  bulb 
was  immersed  in  liquid  air  and  the  filaments  were  again  heated  to  hi^ 
temperature  for  a  short  time.  This  sometimes  resulted  in  a  further 
change  in  the  thermionic  current. 

These  effects  were  clearly  due  to  traces  of  residual  gas.  To  study  them 
in  more  detail,  some  experiments  were  carried  out  in  which  lamp  bulbs 
containing  two  filaments  (or  sometimes  three)  were  connected  to  a  vacuum 
system  consisting  of  TSpler  pump,  sensitive  McLeod  gage  and  trap 
immersed  in  liquid  air,  placed  directly  below  the  lamp.  The  lamps  were 
exhausted  to  less  than  .0001  mm.  and  heated  for  one  hour  to  360°  C, 
to  drive  water  vapor  and  carbon  dioxide  into  the  liquid  air  trap.  No 
stop-cocks  were  used  in  the  entire  system,  so  that  vapors  of  vaseline,  etc., 
were  avoided.  The  liquid  air  trap  prevented  the  entrance  of  mercury 
vapor  into  the  lamp.  Care  was  taken  to  keep  liquid  air  on  the  trap  day 
and  night  during  the  whole  experiment. 

The  lamp  bulb  was  about  3.5  cm.  diameter  and  was  connected  to  the 
rest  of  the  vacuum  system  by  a  tube  attached  at  the  top  of  the  bulb  and 
bent  into  a  goose  neck.  In  this  way  the  bulb  could  be  immersed  com- 
pletely in  liquid  air  if  desired. 

After  exhaustion  of  the  bulb  and  i^ing  of  the  filament  at  high  tem- 
perature, a  run  was  made  with  177  volts  on  the  anode,  but  without  liquid 
air  on  the  bulb.  The  pressure,  according  to  the  McLeod  gage,  was 
.00012  mm. 

The  constants  of  Richardson's  equation  were  found  to  be 
o  =  22.10'  amps,  per  sq.  cm., 
fr  —  55.800  degrees. 

Liquid  air  was  now  placed  around  the  lamp  bulb,  and  the  thermionic 
current  again  determined.  During  this  run  the  pressure  was  constant 
at  .00007  mni. 

The  constants  were  then  found  to  be: 

o  =  34  X  io», 
A  =  55.500. 
A  plot  of  the  curve,  calculated   from  these  data  by  Richardson's 
equation,  is  given  in  Curve  L,  Fig.  3,  together  with  the  experimentally 
determined  points  (Curve  IIL). 

The  effect  of  cooling  the  bulb  in  liquid  air  was  thus  to  increase  the 
thermionic  current  amslderably  (about  60  per  cent,  at  2000°  K.).     The 
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filament  was  now  run  at  2130°  K.,  at  which  temperature  a  tbermioiuc 
current  of  .00314  amp-  was  observed.  The  liquid  air  was  then  removed 
from  the  bulb.  The  thermionic  current  fell  rapidly  to  .00049  ^^^  th^n 
rose  to  .00184,  At  which  it  remained  steady. 


HT--    -    - 

Tj;.   -- 

±  *  : 

'•1 --                    ?      i'-'-'irS?"* 

4                                                      I      ■                                -- 

i  -            "          -  .:  :   : 

•               ■       '  -/ "i       "       '" -- 

i                                             tt-"       '^z:- 

i                                               J_^t     - 

i                                       72 

\l           TiPt  '1 

r  ---    ^      i  z  .     

'                 ^      ? 

..:"  -_>^^    »'  -      :': 

.e            «  ?^=^-i  B^-'^fi.'           IN           fM          i»           I 

Fig.  3. 

Hydrogen. — Pure  hydrogen  to  a  pressure  of  .012  mm.  was  now  admitted. 
The  thennicinic  current  was  rather  variable,  changing  gradually  with  the 
time,  but  by  running  the  temperature  up  and  down  several  times,  fairly 
consistent  results  were  obtained.  The  average  values  of  Richards<Mi's 
constants  were 

o  -  5-4  X  10", 
b  =  82,500. 
The  hydrogen  had  gradually  cleaned  up  during  these  runs  from  0.012 
mm.  to  .006  mm.*    The  remainder  of  the  hydrogen  was  now  pumped 
out  (down  to  .00011  mm.)  and  another  run  was  made  to  determine  the 
thermionic  current  in  good  vacuum.    The  results  were 
o  -  4.3  X  10", 
6  =  85,000. 
The  pressure  rose  during  this  run  from  .00011  to  .00053  mm. 
The  removal  of  the  hydrogen  thus  produced  relatively  little  effect, 
and  certainly  did  not  tend  to  cause  a  and  b  to  return  to  the  original 
values  in  a  good  vacuum. 

I  See  paper  on  Active  Modification  of  Hydrogen,  Langmuir,  J.  Amer.  Chem.  Soc..  34,  13 10 
(191a). 
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More  hydrc^en  (.007  mm.)  was  now  let  in,  and  the  constants  were 
found  to  be 

o  =  7.6  X  10'*, 
b  =  115,000. 

During  this  run  the  hydrogen  cleaned  up  from  .007  to  .004  mm. 

A  plot  of  the  curve  calculated  from  Richardson's  equation  is  given 
in  Fig.  3  (Curve  II.),  together  with  the  experimentally  determined  [>oints 
(Curve  IV.). 

The  general  effect  of  the  hydr(^:en  had  apparently  been  to  permanently 
lower'  the  thermionic  current,  especially  at  low  temperature.  It  had  at 
the  same  time  increased  the  value  of  the  constaht  b  to  more  than  double 
its  original  value. 

Effect  of  Bulb  Temperature. — At  this  stage  in  the  experiments  it  was 
found  that  touching  the  bulb  with  the  fingers  had  a  marked  effect  on 
the  thermionic  current.  This  was  due  to  a  temperature  effect.  With 
the  filament  at  2190°  K.  the  current  was  .0011  amp.  Warming  the  bulb 
slightly  lowered  the  current  to  .0003.  Placing  ice  water  around  the 
bulb  raised  the  current  to  .0038.  Liquid  air,  however,  gave  the  same 
result  as  ice  water.  A  run  with  the  bulb  in  liquid  air,  with  a  pressure 
of  .00025  mm.  of  hydrogen  in  the  bulb,  gave 
a  =  204  X  10*, 
b  -=  55.600. 

These  values  are  very  close  to  those  previously  obtained  with  liquid 
air  before  any  hydrogen  had  been  let  into  the  bulb. 

Immediately  after  this  run  a  beaker  containing  water  at  62°  C.  was 
placed  around  the  bulb.  The  pressure  rose  to  .0017  mm.  and  the  values 
of  a  and  b  became 

o  =  7.7  X  10", 

b  =  105,000. 

A  large  number  of  runs  were  now  made  at  different  bulb  temperatures. 

The  results  were  similar  to  those  already  given,  except  that  gradually 

the  effect  of  heating  the  bulb  became  less  marked  and  after  a  couple  of 

days  practically  the  same  results  were  obtained  with  the  bulb  at  50° 

as  at  o*.    For  example,  two  consecutive  runs  gave 

at    0°    a  =  54.10*,     b  =  58,500; 

at  53°    a  =  6o.io«,    b  =  58,500. 

>  The  increase  id  the  value  of  b  in  Rlchardaon's  equaUon  much  more  than  ofiseta  the 
Increase  in  a,  bo  that  at  temperaturee  in  tlie  neighborhood  of  30O0°,  the  cuirents  in  bydrosen 
on  very  much  sroaller  than  the  orlKinal  ci 
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Before  this  condition  of  insensitiveness  to  bulb  temperature  had  been 
reached,  tests  were  made  to  see  if  the  changes  in  the  thermionic  current 
were  due  to  vacuum  changes  or  absorption  of  gas  by  the  filament.  The 
effect  of  interchanging  the  two  filaments  was  tried  many  times.  That 
is,  the  filament  which  had  previously  been  used  as  anode  was  made  cathode 
and  vice  versa.  In  no  case  did  this  change  make  any  material  difference 
in  the  magnitude  of  the  thermionic  current.  The  heating  of  the  bulb  pro- 
duced exactly  the  same  effect,  regardless  of  the  previous  history  of  the 
filament.  The  changes  that  did  occur  could  clearly  all  be  ascribed  to 
vacuum  changes  caused  by  the  absorption  or  evolution  of  gas  by  the  bulb. 

Wattr  Vapor. — The  fact  that  the  temperature  of  the  bulb  was  in  some 
cases  so  much  more  important  than  the  pressure  of  hydrogen  indicated 
that  it  was  the  presence  of  water  vapor  that  caused  the  decrease  in  the 
thermionic  current  and  the  increase  in  b.  To  test  this  out,  the  liquid 
air  was  removed  for  a  couple  of  minutes  from  the  liquid  air  trap  below 
the  lamp  and  then  replaced.  The  effect  of  thus  allowing  water  vapor  to 
enter  the  lamp  was  to  make  the  thermionic  current  extremely  sensitive 
to  the  temperature  of  the  bulb.  This  sensitiveness  could  be  destroyed 
again  by  heating  the  bulb  to  360°  and  cooling. 

The  conclusion  to  be  drawn  from  these  facts  is  that  the  decrease  in  the 
thermionic  current  is  due  to  the  presence  of  traces  of  water  vapor.  The 
Mcl-eod  gage  gives  no  indication  of  such  small  amounts  of  water  vapor, 
but  the  fact  that  little  or  no  hydrogen  is  evolved  by  the  action  of  the 
filament  on  the  water  vapor,  together  with  the  fact  that  the  water  vapor 
can  remain  days  in  the  lamp  before  diffusing  down  into  the  liquid  air 
trap,  indicate  that  the  pressure  must  be  extremely  low — probably  not 
over  io~*  mm.  Yet  the  evidence  is  strong  that  such  pressures  of  water 
vapor  have  an  enormous  effect  on  the  saturation  thermionic  current 
from  tungsten. 

Oxygen. — It  had  been  known  that  water  vapor  in  contact  with  a  hot 
tungsten  filament  oxidizes  the  filament  with  the  liberation  of  atomic 
hydrogen.  It  was  therefore  of  interest  to  know  whether  the  marked 
effect  produced  on  the  thermionic  current  by  water  vapor  is  due  to  this 
particular  reaction  or  whether  the  same  effect  will  not  be  produced  by 
dry  oxygen. 

To  test  this  out,  the  system  was  exhausted  to  a  pressure  of  .00012  mm. 
The  mercury  in  the  TOpler  pump  bulb  was  raised  so  as  to  seal  off  the 
bulb  and  pure  dry  oxygen  was  admitted  to  the  bulb.  The  quantity  was 
chosen  so  that  it  would  give  a  pressure  of  .005  mm.  when  allowed  to 
flow  out  into  the  whole  system  by  lowering  the  mercury  in  the  pump 

bulb. 
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The  filament  {A)  was  now  run  at  2190"  K.,  and  the  other  filament 
(B)  was  charged  250  volts  positively  with  respect  to  the  cathode.  TTie 
thermionic  current  was  .0031  amp. 

On  lowering  the  mercury  in  the  pump  bulb  and  allowing  the  oxygen 
to  enter  the  lamp  bulb,  the  thermionic  current  dropped  immediately  to 
.00013;  that  is.  to  4  per  cent,  of  its  original  value.  As  the  oxygen  gradu- 
ally disappeared,  the  current  steadily  rose  in  value,  as  follows: 


P.«Mur«,  Mm. 

Tbcrtnloolc  Camot. 

.005 

.0003 

.00016 

.00014 

.00010 

.00007 

After  letting  in  another  supply  of  oxygen,  the  thermionic  current  was 
determined  at  various  temperatures  and  gave 
a  =  6.8  X  10", 
b  =  94,300. 

The  effect  of  oxygen  is  thus  found  to  be  quite  similar  to  that  of  water 
vapor. 

Nitrogen. — Experiments  with  nitrogen  showed  that  this  gas  also  usually 
decreased  the  thermionic  current,  although  not  so  strongly  as  oxygen. 
Since  nitrogen  does  not  clean  up  as  rapidly  as  oxygen,  this  gas  was  chosen 
for  a  series  of  experiments  to  determine  whether  other  factors,  such  as 
anode  voltage,  had  an  influence  on  the  Richardson  constants  la  the 
presence  of  gas. 

Effect  of  Anode  Potential. — In  one  experiment  a  pressure  of  about 
.001  to  .002  mm.  of  nitrogen  was  present  in  the  bulb.  A  run  was  made 
with  a  potential  of  220  volts  on  the  anode,  then  a  run  with  loo  volts, 
and  then  another  run  at  220  volts.  The  thermionic  currents  (milli- 
amperes  per  sq.  cm.)  in  the  three  runs  were  as  follows: 
Table  II. 


Timp. 

MOVolW. 

ISO  VolU. 

no  Volte. 

0.34 
0.70 
1.54 
4.0 
4.9 
5.0 
5.0 

0.29 

1.29 

2190 
2250 
2325 
2390 

2.7 
6.3 
16.2 
21.0 

2.9 
7.0 
19.3 
20.0 

Pressure  of  N,  = 

.0015  mm. 

.0012  mm. 

.0012  mm. 
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These  results  show  that  under  certain  conditions  (low  temperature 
and  proper  pressure  of  nitrogen)  less  current  is  obtained  with  220  volts 
than  with  100  volts.  In  this  connection  it  may  be  said  that  these 
thermionic  currents  were  reproducible  and  accurately  measurable.  The 
-values  changed  graduaily,  however,  as  the  nitrogen  cleaned  up.' 

The  following  are  typical  runs  {Table  III.)  selected  from  many  that 
were  made  while  the  nitrogen  was  gradually  disappearing: 

Table  III. 


T.».p. 

PTM.BT. 

000(7  Hn. 

Prawon 

ami  Ifiii. 

KBVoltl. 

»»ovolti. 

looVolti. 

MOVoltl. 

2045 

0.53 

0.36 

1.58 

1.50 

2090 

1.02 

0.86 

2.9 

2.90 

2140 

2.50 

1.90 

3.8 

6.2 

2190 

4.2 

4.S0 

4.4 

9.8 

2250 

4.6 

It.S 

4.6 

11.4 

232S 

4.8 

13.8 

11.8 

2390 

13.9 



12.1 

Thus,  as  the  nitrogen  cleans  up,  the  thermionic  current  increases  and 
tends  to  return  to  its  original  value.  At  the  same  time  the  peculiar 
«tfect  of  the  anode  voltage  in  causing  less  current  to  flow  at  high  voltage 
also  practically  disappears. 

All  the  experiments  with  nitrogen  were  made  with  the  bulb  surrounded 
with  ice.  This  precaution,  however,  did  not  seem  necessary  in  these 
runs,  for  at  various  times  the  ice  was  removed,  but  the  thermionic  current 
remmned  unchanged. 

In  order  to  investigate  in  more  detail  the  effect  of  the  anode  potential 
at  various  pressures  of  nitrogen  and  different  filament  temperatures,  a 
special  experiment  was  undertaken.  A  lamp  containing  two  single  loop 
filaments  in  a  large  bulb  was  sealed  to  the  same  vacuum  system  and 
exhausted  as  before.  The  filaments  were  of  .0124  cm.  diameter  and 
each  8.9  cm.  long. 

After  ageii^  the  filament,  the  thermionic  current  was  measured  at 
120  and  230  volts;  the  constants  a  and  b  were: 

at  120  volts    a  =  1.2  X  10",    b  -  83,000; 
230     "       a  =  4.7  X  lo'*,    b  =  80,500. 
On  the  average,  even  with  currents  so  low  that  the  space  charge  should 
have  no  effect,  the  thermionic  current  was  about  20  per  cent,  less  with 

I  This  ia  the  electrochem[cal  clean-up  of  nitrogen  referred  to  by  the  writer  in  a  paper  on 
"The  Clean-up  of  Nitrogen  In  Tungsten  Lamps."  Jour.  Amer.  Chem.  Soc..  3S.  93t  (t9I3). 
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120  than  with  230  volts.  This  effect,  which  is  just  the  opposite  of  that 
noted  in  the  preceding  experiment,  is  of  fairly  common  occurrence  when 
very  special  precautions  are  not  taken  to  avoid  traces  of  certain  gases. 

The  effect  of  oxygen  on  the  thermionic  current  with  diiferent  anode 
potentials  was  next  tried.  In  every  case  the  current  was  greatly  reduced 
by  the  presence  of  this  gas.  The  currents  obtained  with  120  volts  and 
with  230  volts  were  always  practically  identical. 

Another  measurement  of  the  thermionic  current  in  good  vacuum 
(.0001  mm.)  at  120  and  240  volts  gave 

a  =  I.I  X  10", 

b  =  74,000, 

The  curve  obtained  by  Richardson's  equation  with  these  constants  is 
given  in  Curve  I.,  Fig.  4,  while  Curves  II.  and  III.  are  drawn  through  the 
experimentally  determined  points. 

A  pressure  of  0.0021  mm.  of  nitrogen  was  now  introduce  and  the 
following  measurements  made  at  120  and  235  volts.  The  results  are 
expressed  in  milliamperes  per  sq.  cm. 

Table  IV. 


Filameot  Tsmp, 

Pr.«ar.  .obi 

Anode  IM  Volu. 

Aoodo^Vclw. 

2000 

.132 

.130 

2050 

.278 

.283 

2100 

.515 

.552 

2150 

1.07 

1.42 

2200 

2.90 

3.90 

2250 

6.4 

8.0 

2300 

12.9 

16.6 

2350 

>26 

>26 

<t  - 

1.66  X  10' 

2.2  X  10>* 

b  ' 

68200 

73200 

These  results  are  plotted  (Curves  IV.,  V.,  Fig.  4)  for  comparison  with 
the  preening  run  in  a  vacuum.  It  is  to  be  noted  that  at  temperatures 
up  to  2050°  the  thermionic  current,  even  with  such  a  high  pressure  of  gas, 
is  not  as  much  affected  by  the  anode  voltage  as  it  had  previously  been 
found  to  be  in  a  "good"  vacuum.  The  presence  of  the  nitrogen  has, 
however,  entirely  removed  all  limitation  of  the  current  by  space  chai^ 
at  the  higher  filament  temperatures. 

Some  runs  were  now  made  with  the  filament  at  fixed  temperatures 
while  the  anode  voltage  was  varied  over  a  wide  range.    In  most  cases 
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the  pressure  of  nitrogen  was  kept  as  nearly  constant  as  possible  at  .0025 
mm. ;  in  some  runs,  however,  the  effects  produced  by  a  pressure  of  .0010 
mm.  were  studied. 

The  data  from  three  runs  with  the  filament  at  2100°  are  given  in 
Fig.  5.  The  points  along  Curves  I.  and  II.  were  obtained  with  .0025 
and  .0010  mm.  pressure  of  nitrogen.  The  nitrt^en  was  then  pumped 
out  to  a  pressure  of  .00016  mm.,  and  the  points  along  Curve  III.  were 
then  obtained. 
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Fig.  4. 


These  curves  help  clear  up  several  points  that  had  been  left  very  in- 
definite by  the  previous  data.  At  anode  potentials  below  80  or  90  volts 
the  effect  of  nitrogen  is  evidently  to  increase  the  thermionic  current 
materially.  But  above  a  certain  critical  potential,  which  is  hi^er  the 
lower  the  pressure  of  nitrogen,  the  thermionic  current  decreases  as  the 
anode  potential  is  raised.  By  comparison  of  the  data  on  these  curves 
with  the  curves  of  Fig.  4,  it  is  seen  that  they  are  entirely  consistent  with 
the  latter. 

In  looking  for  an  explanation  of  the  shape  of  these  curves,  it  is  im- 
portant to  bear  in  mind  that  the  lower  parts  of  the  curves  are  determined 
primarily  by  the  space  charge.    When  the  thermionic  current  is  plotted 
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against  temperature,  as  in  Figs,  i  and  3,  the  lower  part  of  the  curve  gives" 
the  saturation  thermionic  current  (Richardson),  while  the  upper  part 
gives  the  part  which  is  limited  by  the  space  chai^.  On  the  other  handr 
when  we  plot  the  current  against  the  anode  potential,  as  In  this  case,  the 
two  parts  are  interchanged  in  position;  thus  the  lower  part  of  the  curve 
gives  the  current  as  limited  by  space  charge  and  the  upper  horizontat 
part  gives  the  saturation  current. 
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F^.  5. 

The  lower  part  of  Curve  III.,  if  obtained  In  a  perfect  vacuum,  should 
therefore  follow  equation  (ii):  in  other  words,  the  current  should  increase 
with  0.  By  plotting  the  first  six  points  of  this  curve  on  logarithmic 
paper,  a  straight  line  was  obtained,  but  the  slope,  instead  of  giving  3/2 
as  the  exponent  of  V,  gave  1.71.  This  difference  is  certainly  due  to 
residual  gas.  Curve  IV.,  Fig.  5,  was  obtained  by  continuing  the  curve 
i  =  constant  X  P". 

The  Curve  III.  separates  from  IV.  above  125  volts  because  the  current 
gradually  reaches  saturation  for  the  filament  at  2100°. 

We  are  now  in  a  position  to  discuss  the  Curves  I.  and  II.  At  anode 
potentials  below  20  volts  the  curves  seem  to  coincide  fairly  well,  but 
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the  current  rapidly  increases  at  higher  potentials.  Plotting  the  first  six 
points  of  Curve  I.  on  Ic^^thmic  paper  does  not  give  a  straight  line,  but 
the  exponent  of  V  is  found  to  increase  from  about  2  to  over  6.  The  . 
cause  of  this  rise  in  current  is  probably  that  positive  ions  are  formed  by 
the  collisions  of  the  electrons  with  nitrogen  molecules.  The  poative 
ions  moving  slowly  carry  only  a  very  minute  fraction  of  the  current,  yet 
by  their  mere  presence  they  materially  reduce  the  space  chai^  and 
therefore  allow  a  larger  current  to  flow. 

If  this  were  the  only  factor,  one  would  expect  with  increasing  voltage 
that  the  current  would  rise  to  the  normal  saturation  current  and  then 
remain  constant  until  the  voltage  reaches  a  point  where  additional 
electrons  are  liberated  from  the  cathode  by  the  impact  of  poative  ions 
against  it.  But  before  this  point  is  reached,  some  other  factor  begins 
to  make  itself  felt.  This  is  evidently  a  limitation  of  the  current  not  by 
space  charge,  but  by  some  phenomenon  which  prevents  the  emission  of 
electrons  from  the  cathode.  It  is,  however,  not  due  to  a  simple  alter- 
ation of  the  properties  of  the  material  of  the  cathode,  for  its  magnitude 
depends  on  the  anode  potential. 

The  following  theory  seems  to  be  consistent  with  all  the  observed  facts 
and  may  prove  to  be  the  correct  explanation  of  the  phenomenon. 

Theory  of  the  Effect  of  Nitrogen  on  the  Thermionic  Current. — The 
writer  has  shows*  that  nitrogen  does  not  react  perceptibly  with  solid 
tungsten  at  any  temperature,  but  does  react  completely  with  all  the 
tungsten  that  evaporates  from  the  filament  to  form  the  compound  WNt. 
The  evidence  indicated  that  this  compound  is  unstable  at  temperatures 
above  2400°.  Now  although  ordinary  nitrogen  does  not  react  with 
solid  tungsten  to  form  a  compound,  it  is  not  improbable  that  nitrogen 
ions  possessing  enormously  high  kinetic  energy  as  compared  with  the 
ordinary  molecules,  will  do  so.  The  compound  formed,  however,  being 
unstable,  does  not  permanently  remain  on  the  surface,  but  either  de- 
composes or  volatilizes.  Any  such  process,  however,  requires  a  certain 
amount  of  time,  so  that  the  molecules  would  remain  on  or  in  the  surface 
durii^  perhaps  a  perceptible  fraction  of  a  second.  The  higher  the  tem< 
perature  of  the  filament,  the  shorter  the  average  time  that  would  elapse 
between  the  formation  of  a  molecule  of  the  compound  and  its  elimination 
from  the  surface. 

I.et  us  now  apply  this  theory  to  the  data  presented  in  Fig.  5.  At  an 
anode  potential  below  20  volts,  no  positive  ions  are  formed,  so  the  surface 
of  the  tungsten  is  not  exposed  to  bombardment.  At  higher  voltages 
the  positive  ions  are  produced  in  increasing  numbers  and  strike  the 

'  Jour.  Am«r.  Chem.  Soc.,  35,  p.  943  <I913). 
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cathode  with  increasing  velocity.  As  a  result  the  surface  becomes  more 
or  less  completely  covered  by  a  layer  of  molecules  of  the  compound. 
Since  as  a  rule  a  compound  would  be  expected  to  emit  electrons  less 
freely  than  a  metal,  it  is  not  unreasonable  to  imagine  this  surface  layer 
as  being  the  cause  of  the  decreased  electron  emission. 

In  a  perfect  vacuum  the  actual  electron  emission  from  the  tungsten  is 
independent  of  the  anode  voltage  as  indicated  in  Curve  III'.,  Fig.  5. 
However,  at  low  anode  voltages  the  space  chat^e  causes  most  of  the 
electrons  to  return  to  the  filament,  so  that  the  actual  current  obtained 
is  as  shown  in  Curve  III.  On  the  other  hand,  in  low  pressures  of  ni- 
trogen the  actual  electron  emission  decreases  as  the  anode  potential 
increases,  as  illustrated  by  the  hypothetical  Curves  I',  and  II'.  As  in 
the  case  of  the  vacuum,  however,  at  low  voltages  the  space  charge  causes 
the  return  of  most  of  the  electrons  to  the  cathode,  so  that  the  actual 
curves  (I.  and  II.}  show  a  current  which  rises  rapidly  with  increasing 
potentials.  When  the  potential  beoimes  sufficient  to  prevent  the  return 
of  any  electrons  to  the  cathode,  then  the  current  becomes  limited  solely 
by  the  electron  emission  from  the  metal.  At  high  voltages,  therefore, 
the  current  decreases  with  increased  anode  potential  because  of  the 
increasing  proportion  of  the  cathode  surface  covered  with  the  com- 
pound. 

The  theory  thus  accounts  for  the  shape  of  the  curves  in  F^.  5  in  a 
satisfactory  way.  It  also  gives  a  reason  for  the  shape  of  the  curves 
obtained  with  nitrogen  given  in  Fig.  4.  The  effect  of  mtr<^a  has 
invariably  been  to  greatly  decrease  the  saturation  current  at  240  volts. 
At  low  temperatures  this  effect  is  much  more  pronounced  than  at  high. 
This  is  indicated  by  the  fact  that  the  introduction  of  nitrogen  (or  oxygen) 
always  increases  the  value  of  Richardson's  constant  b  from  55,000  up 
to  80,000  or  more.  These  facts  are  in  complete  accord  with  the  theorj', 
for,  as  has  been  pointed  out,  the  length  of  time  that  the  molecules  of  the 
compound  will  remain  on  the  metal  would  be  much  less  at  high  temper- 
atures. Therefore,  the  higher  the  temperature,  the  smaller  the  pro- 
portion of  the  surface  covered  by  molecules  of  the  compound,  and  the 
nearer  the  observed  thermionic  current  approaches  the  normal  satura- 
tion current. 

Whatever  the  nature  of  change  in  the  surface  of  the  tungsten  which 
decreases  the  electron  emission,  it  is  one  which  does  not  persist  for  more 
than  a  few  seconds  after  the  removal  of  the  nitrogen.  In  the  course  of 
all  these  experiments,  except  before  ageing  the  filaments,  there  were 
never  any  effects  which  could  not  be  immediately  duplicated  after  inter- 
changing the  functions  of  the  two  electrodes.    There  is  therefore  no  reason 
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to  call  upon  any  "inexhaustible  supply  of  gas"  in  the  filament  to  account 
for  any  of  the  phenomena  observed.* 

Effect  of  Anode  Potential  at  Higher  Filament  Temperature. — The  data 
on  the  effect  of  anode  potential  obtained  with  the  filament  at  a  higher 
temperature,  2300"  K.,  is  given  in  Fig.  6.  With  .0010  mm.  of  nitrogen, 
the  current  rose  steadily  (Curve  I.)  until  a  potential  of  about  135  volts 
was  reached.  With  potentials  higher  than  this,  the  current  would  rise 
to  a  high  value,  .013  amp.  per  sq.  cm.  or  more,  immediately  on  lightii^ 
the  filament,  and  the  discharge  was  accompanied  by  a  strong  purple  glow 
filling  the  bulb.  Suddenly  the  current  fell  to  .005  amp.  per  sq.  cm.  or 
less,  and  at  the  same  time  the  purple  glow  vanished.    Every  time  that 
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Fig.  6. 

this  happened  the  pressure  in  the  system  would  fall  to  from  about  .0012 
to  .0006  or  less,  so  that  fresh  nitrogen  had  to  be  admitted  after  each  trial. 

Wth  a  pressure  of  about  0.0025  mm.  of  nitrogen  (Curve  11.)  a  dis- 
continuity occurred  in  the  current  values  at  an  anode  potential  of  70 
volts.  Above  this,  however,  the  current  was  again  steady.  These 
unstable  conditions  are  probably  due  to  ionization  reaching  such  a  value 
that  the  bombardment  of  the  cathode  by  the  positive  ions  gives  rise  to 
additional  electrons.  These  in  turn  cause  the  formation  of  fresh  positive 
ions.     The  effect  is  thus  one  which  can  readily  become  unstable,     ft  is 

'  The  writer  CmIs  strongly  that  the  majority  of  the  cases  cEted  in  tlie  literature  where  fiiie 
platinum  wires,  etc.,  apparently  continue  to  give  oR  gas  after  prolonged  heating,  are  caused 
not  by  gas  from  the  wire,  but  by  water  vapor  or  other  gases  liberated  from  the  walls  (or 
vapors  from  stopcock  grease  or  sealing-wax)  which  are  changed  chemically  by  the  tiot  wire 
or  by  electrical  discharges. 
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interesting  to  note,  however,  that  even  with  this  additional  electron 
emission,  the  current  is  stili  less  than  the  saturation  current  in  a  perfect 
vacuum,  which  from  Curve  I'.,  Fig.  4,  would  be  about  .050  ampere  per 
sq.  cm.  Undoubtedly  at  higher  pressures  and  voltages  than  those  used 
the  currents  caused  by  ionization  would  ultimately  greatly  exceed  the 
saturation  current  from  the  filament. 

Curve  III.  gives  the  current  obtained  with  a  much  better  vacuum 
and  probably  represents  very  closely  the  normal  current  as  limited  by 
space  chaige.  The  efliect  of  the  nitrogen  is  thus  mainly  to  produce 
positive  ions  and  neutralize  the  sfiace  charge. 
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Argon. — A  series  of  experiments  was  made  to  determine  the  ther- 
mionic current  in  low  pressures  of  argon.  The  surprising  result  was 
obtained  that  the  saturation  currents  were  in  every  case  (pressures  up 
to  .002  mm.)  identical  with  the  results  previously  obtained  in  the  best 
vacuum.  That  the  argon  had  the  further  effect  of  neutralizing  the  space 
charge  is  shown  by  the  relatively  large  currents  obtained  with  anode 
voltages  of  only  40-100  volts. 

In  all,  about  thirty  runs  were  made,  and  with  two  exceptions  they  all 
gave  values  of  the  Richardson  constant  b  between  50,500  and  58,000. 
The  Curves  I.  and  II.,  Fig.  7,  are  examples  of  typical  runs.  It  is  seen 
by  comparison  with  Fig.  3  that  the  maximum  currents  obtained  are 
considerably  larger  than  those  to  be  had  in  vacuum  with  similar  voltages, 
but  these  lai^r  currents  are  due  solely  to  the  removal  of  the  limitation 
imposed  by  the  space  charge.  At  lower  temperatures  the  currents  ob- 
tained are  practically  identical  with  those  in  vacuum. 
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Another  remarkable  fact  about  the  effect  of  ai^on  on  the  thermionic 
current  is  that  considerable  admixtures  of  nitrogen  or  even  oxygen  have 
little  or  no  effect.  Thus,  while  the  filament  was  running  at  2190°  tn 
argon  at  .0016  mm.  pressure,  an  amount  of  nitrogen  was  let  in,  which 
raised  the  pressure  to  .0035,  yet  the  current  at  240  volts  changed  only 
about  5  per  cent. 

In  another  case,  while  the  filament  was  running  under  similar  con- 
ditions as  in  the  test  with  nitrogen,  an  amount  of  oxygen  was  suddenly 
admitted  sufficient  to  raise  the  total  pressure  from  0.0016  to  0.0035  mm. 
In  this  case  the  current  was  decreased  by  about  10  per  cent,  for  a  few 
seconds,  but  rapidly  returned  within  a  couple  of  per  cent,  of  the  original 
value.  Upon  lowering  the  temperature  to  2045°,  the  thermionic  current 
was  found  to  be  only  7  per  cent,  of  its  value  in  argon,  while  at  2140°  it 
was  20  per  cent,  of  its  original  value.  If  these  results  are  compared  with 
those  cited  previously  on  the  effect  of  oxygen  on  the  thermionic  current, 
it  will  be  seen  that  the  argon  has  enormously  weakened  the  effect  produced 
by  oxygen,  especially  at  higher  temperatures. 

Argon  acted  remarkably  in  another  respect.  The  thermionic  current 
in  ai^on  caused  very  marked  disintegration  of  the  hot  cathode:  whereas 
this  effect  is  entirely  absent  in  a  good  vacuum  with  a  pure  electron 
current,  and  only  present  to  a  very  slight  degree  in  pressures  of  nitrogen 
as  low  as  .002  mm.  With  the  ai^on  the  filament  rapidly  increased  in 
resistance  by  loss  of  material  which  deposited  on  the  bulb  in  the  form  of 
black  bands,  principally  behind  the  anode.  These  bands  had  more  or  less 
the  shape  of  the  anode  filament  and  had  a  white  strip  down  their  centers 
— evidently  the  shadow  cast  by  the  anode.  This  proves  that  the  tungsten 
which  was  sputtered  from  the  cathode  was  or  became  negatively  charged. 
It  is  surprising  that  the  thermionic  current  was  identical  with  that  in  a 
high  vacuum,  notwithstanding  this  marked  disintegration  of  the  cathode. 
This  experiment  certainly  proves  that  there  is  no  necessary  relation 
between  cathodic  disintegration  and  thermionic  current. 

These  results  with  argon  are  strong  support  for  the  theory  that  the 
positive  ions  of  nitrogen  or  ordinary  molecules  of  oxygen  form  unstable 
compounds  with  the  tungsten  which  prevent  the  normal  electron  emission. 
Argon  not  being  capable  of  reacting  chemically  with  the  tungsten  does 
not  reduce  the  thermionic  currents. 

The  explanation  of  the  action  of  argon  in  preventing  oxygen  and 
nitrogen  from  having  their  normal  effect  is  probably  that  the  bombard- 
ment of  the  cathode  by  the  positive  argon  ions,  which  is  undoubtedly 
(in  accordance  with  Stark's  theory)  the  cause  of  the  sputtering  of  the 
cathode,  also  sputters  away  any  compound  formed  and  thus  keeps  the 
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surface  of  the  tungsten  clean.  At  lower  temperatures  and  henc«  lower 
currents,  the  sputtering  is  less  marked  and  therefore  the  argon  inter- 
feres less  with  the  normal  action  of  the  oxygen. 

Experiments  with  Plates  and  Cylinders  as  Anodes. 

In  all  the  experiments  mentioned  thus  far,  the  anode  has  been  a 
tungsten  filament  which  has  been  freed  from  gas  by  heating  to  2500". 
Several  experiments,  however,  were  also  made  with  anodes  of  thin  sheet 
metal,  in  the  form  of  plates  or  cylinders.  In  general,  in  these  experiments, 
unless  very  special  methods  of  treating  the  electrodes  are  adopted,  the 
evidences  of  the  presence  of  gas  are  much  more  marked  than  in  the 
experiments  with  filaments  as  anodes.  A  great  variety  of  erratic  effects 
occur,  such  as  gradual  changes  in  the  thermionic  current,  and  various 
kinds  of  fatigue  effects.  Some  of  these  effects  are  particularly  pro- 
nounced at  low  temperatures  of  the  filament.  A  lat^e  amount  of  data 
has  been  obtained  in  studying  these  effects,  and  much  of  it  is  of  such 
interest  that  the  results  will  be  published  in  detail  in  subsequent  papers. 
For  the  present  it  will  suffice  to  consider  the  results  of  a  few  runs  at 
various  filament  temperatures  and  anode  voltages,  in  a  lamp  containing 
a  cylindrical  anode. 

The  anode  in  this  experiment  consisted  of  a  cylinder  of  platinum  foil, 
3.5  cm.  diameter  and  6  cm.  long.  Inside  of  this,  about  i  cm.  apart,  were 
placed  two  single  loop  tungsten  filaments  of  wire  .0127  cm.  diameter  and 
each  9.9  cm.  long.  The  surface  of  each  was  thus  0.40  sq.  cm.  A  cylin- 
drical glass  bulb  fitted  closely  about  the  platinum  cylinder. 

The  platinum  cylinder,  before  placing  in  the  lamp  bulb,  was  ignited  for 
a  few  minutes  over  a  blast  lamp  to  a  white  heat  and  washed  with  nitric 
acid,  but  other  than  this,  purposely  not  subjected  to  special  treatment. 

This  lamp  was  sealed  to  the  same  system  as  fiefore  and  the  same  care 
was  used  in  exhausting  it  as  in  the  other  experiments.  That  is,  after 
exhausting  to  o.ooi  mm.,  the  bulb  was  heated  to  370°  C.  for  an  hour  and 
a  half.  From  the  beginning  to  the  end  of  the  experiment  the  trap 
directly  below  the  lamp  was  kept  in  liquid  air. 

During  the  first  few  days  the  results  were  extremely  erratic  and  were 
characterized  especially  by  lag  or  fatigue  effects.  The  results  showed 
clearly,  however,  that  these  were  not  due  to  gas  contained  in  the  filament, 
but  were  rather  caused  by  gas  from  the  anode  liberated  by  electron 
bombardment.  The  quantities  of  gas  liberated,  however,  were  very  small, 
so  that  even  with  the  TSpler  pump  no  great  difficulty  was  experienced 
in  keeping  the  pressure  continually  below  .001  mm. 

The  runs  about  to  be  descrllsed  were  made  on  the  tenth  day  after  the 
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beginning  of  the  experiment.  By  this  time  most  of  the  erratic  effects 
had  disappeared  and  the  results  obtained  were  beautifully  reproducible. 
A  series  of  runs  was  made  with  the  following  anode  voltages,  and  in 
the  following  order:  240,  124,  30,  50,  70,  90,  70,  50,  30,  20,  no,  124.  At 
each  voltage  the  thermionic  currents  were  measured  at  temperatures 
from  1850°  to  2350  or  2500°,  in  steps  of  50".  The  pressure  during  all 
these  runs  varied  within  the  limits  .00007  to  .00023  "ini-  1"  every  case 
different  runs  at  the  same  anode  voltage  gave  practically  identical 
results.  Furthermore,  at  temperatures  so  low  that  saturation  current 
was  obtained,  the  thermionic  currents  at  different  voltages  were  the  same. 
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Fig.  8. 

The  results  of  these  runs  are  given  in  Fig.  8.  All  the  experimentally 
determined  points  are  given,  except  where  the  curves  run  together,  and 
then  the  points  for  the  curve  made  at  no  volts  are  given. 

For  comparison  with  these  results,  the  Curve  I.,  of  Fig.  3,  has  been 
replotted  in  Fig.  8  (continuous  heavy  line).  This  curve  gives  the 
results  that  were  obtained  under  good  conditions  in  a  vacuum  and  in  a 
case  in  which  temperatures  were  determined  in  the  same  manner  as  in 
the  present  experiment. 

The  upper  portion  of  the  curve  (not  given  in  Fig.  3)  was  calculated  by 
Richardson's  equation,  using  the  constants 
o  "  34  X  10*. 
b  =  55.500. 

It  will  be  seen,  from  Fig.  8,  that  the  currents  obtained  with  the  cylin- 
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drical  anode  are  much  lai^er  than  any  recorded  previously  in  this  paper. 
Thus  with  no  volts  or  more,  currents  up  to  O.350  ampere  per  sq.  cm. 
(actual  current  measured  was  0,139  amp.)  were  obtained.  But  the 
curves  show  plainly  that  at  the  same  temperature  of  the  filament,  the 
currents  are  always  less  than  those  obtained  under  the  best  vacuum 
conditions.  The  shape  of  the  anode  reduces  the  effect  of  space  chaise 
and  thus  allows  much  more  current  to  flow  with  the  same  voltage  than 
in  the  previous  experiments. 

This  experiment  offers  the  most  convincing  evidence  possible  of  the 
correctness  of  the  general  theory  of  the  effects  of  gas  outlined  previously. 

According  to  this  theory,  the  effect  of  certain  gases  (probably  most 
gases  except  the  inert  gases)  is  to  cut  down  the  normal  electron  emission 
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from  the  heated  metal,  by  the  formation  of  an  unstable  compound  on  the 
surface.  At  higher  temperatures  the  rate  of  decomposition  or  evaporation 
of  the  compound  is  greater  and  hence  fewer  molecules  of  the  compound 
remain  on  the  surface.  At  sufficiently  high  temperatures  the  compound 
should  completely  disappear  and  thus  allow  the  electron  emission  to 
become  normal. 

The  present  experiment  is  in  full  accord  with  this  theory.  At  low 
temperatures  the  electron  emission  (saturation  current)  is  much  less 
than  the  normal,  but  at  higher  temperatures  it  increases  rapidly  up  to 
the  normal  value,  but  the  current  never  exceeds  the  normal  current. 

These  facts  are  made  much  clearer  by  plotting  log  il'^T  against  ijT 
(Fig.  9).     With  these  functions  as  coordinates,  the  points  should  lie  on  a 
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straight  line  if  the  current  follows  Richardson's  equation.  Curve  I.  is 
the  normal  vacuum  curve  shown  in  Figs.  3  and  8,  and  Curve  II.  is  that 
obtained  from  the  experiment  with  the  cylindrical  anode  at  a  potential 
of  1 10  volts.  It  is  seen  that  the  second  line  is  not  straight.  The  lower 
part  is  practically  straight,  but  the  upper  part  does  not  cross  the  normal 
vacuum  curve,  but  instead  bends  over  and  joins  it.  The  reason  thai 
it  does  not  follow  it  at  higher  temperatures,  is  probably  that  space  charge 
is  having  some  effect,  as  in  the  run  with  90  volts  (see  Fig.  8).  The 
extremely  close  coincidence  between  the  observed^  and  calculated  curves 
over  the_  short  range  of  contact  is  undoubtedly  partly  accidental. 

The  fact  that  the  curves  obtained  at  low  anode  voltages  (20-30  volts) 
coincide  at  lower  temperatures  with  the  curves  obtained  with  high 
potentials,  show  in  this  case  that  the  compound  on  the  surface  is  not 
formed  from  positive  ions,  but  is  formed  directly  by  a  reaction  between 
the  gas  and  the  metal.  The  gas  In  this  case  is  probably  carbon  monoxide 
or  hydrogen,  and  can  easily  be  supposed  to  react  in  this  way  to  form 
unstable  compounds.  With  nitrogen,  on  the  other  hand,  the  evidence 
is  good  that  the  compound  only  forms  when  positive  nitrogen  ions  strike 
the  filament. 

The  effect  of  the  gas  in  eliminating  the  space  charge  is  strikingly  shown 
in  this  experiment.  At  higher  potentials  the  thermionic  current  increases 
much  more  rapidly  than  the  three  halves  power  of  the  voltage.  This 
shows  that  positive  ions  are  formed  which  reduce  or  eliminate  the  space 
charge  produced  by  the  electrons,  yet  themselves  do  not  carry  a  percep- 
tible portion  of  current. 

Some  other  experiments,  to  be  described  in  detail  in  a  subsequent 
paper,  have  shown,  that  the  bombardment  of  the  cathode  even  by  posi- 
tive ions  of  a  velocity  corresponding  to  only  no  volts,  causes  the  cathode 
to  emit  electrons  having  a  velocity  corresponding  to  a  velocity  of  6-12 
volts.  Thus  a  third  filament  in  a  bulb  in  which  a  thermionic  current  is 
flowing  often  chaises  up  rapidly  to  a  potential  of  10  volts  negative  with 
respect  to  the  negative  end  of  the  cathode  filament.  This  observation  is 
entirely  in  line  with  previous  observations  on  delta  rays  and  electron 
emission  caused  by  canal  rays. 

General  Discussion. 
The  evidence  presented  in  this  paper  and  the  theories  that  have  been 
advanced  are  thought  to  throw  a  rather  new  light  on  the  electron  emissiott 
from  incandescent  solids  in  high  vacuum. 

In  the  first  place,  the  work  indicates  that  the  experimental  conditions 
that  have  commonly  been  employed  in  the  investigation  of  thermionic 
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currents  in  vacuo  have  not  been  well  adapted  to  eliminate  important 
secondary  effects.    The  proper  conditions  seem  to  be: 

1.  Extremely  high  vacuum;  that  is,  a  pressure  below  .0001  mm.  should 
be  obtained.  The  presence  of  certain  gases  is  much  more  injurious  than 
others.  Gases  such  as  oxygen,  water  vapor,  carbon  dioxide,  and  hydro- 
carbons, which  are  very  active  chemically  at  high  temperatures,  should 
be  especially  avoided.  This  means  that  all  stopcocks  and  sealing-wax 
must  be  eliminated  and  all  glass  parts  not  to  be  cooled  by  liquid  air  must 
be  heated  for  at  least  an  hour  to  360°  or  more.  Even  with  the  Gaede 
molecular  pump  these  precautions  are  necessary. 

2.  Avoidance  of  large  anodes,  except  those  that  have  been  especially 
treated  by  heating  in  a  vacuum  to  2000°  or  have  been  exposed  to  power- 
ful electron  bombardment  in  a  very  high  vacuum.  Treating  the  metal 
by  making  it  an  electrode  in  an  ordinary  glow  dischai^e,  except  when 
the  inert  gases  are  used,  is  about  the  worst  thing  that  could  be  done  to  it. 
Preferably  the  anode  should  consist  of  tungsten  wire  which  is  freed  from 
gas  by  heating  to  2500°  for  ten  minutes.  This  should  be  done  in  the  ap- 
paratus itself. 

3.  The  relative  position  and  size  of  the  electrodes  should  be  such  that 
space  charge  does  not  limit  the  current  to  an  undesirable  degree. 

If  proper  precautions  are  taken  to  obtain  an  extremely  high  vacuum, 
and  if  the  anode  consists  of  molybdenum  or  tungsten  and  is  given  a 
preliminary  treatment  by  exposing  to  very  powerful  electron  bombard- 
ment, it  is  possible  to  use  cylindrical  anodes  without  obtaining  the 
slightest  evidence  of  positive  ionization.  For  this  purpose  the  anode 
should  be  charged  to  several  thousand  volts  and  the  filaments  raised 
to  such  temperatures  that  50-200  milliamperes  thermionic  current  are 
obtained.  Under  these  conditions  the  anode  becomes  heated  to  a  bright 
red  or  white  heat,  and  the  combined  effect  of  the  electron  bombardment 
and  the  high  temperature  is  to  free  the  anode  from  gas.  After  such 
treatment  pure  electron  currents  of  several  tenths  of  an  ampere  may  be  ■ 
obtained  without  positive  ionization.  Dr.  Dushman  has  found  that 
under  these  conditions  the  space  charge  equation  (20)  holds  with  a  high 
degree  of  accuracy.*  In  this  way,  by  using  three  cylindrical  anodes  on 
the  guard  ring  principle,  it  should  be  possible  to  use  equation  (20)  to 
determine  the  value  of  ejm  with  a  degree  of  precision  greater  than  that 
obtainable  by  any  other  method.  Neither  the  writer  nor  Dr.  Dushman 
intends  to  make  such  precision  measurements  and  therefore  we  would 
like  to  suggest  that  this  method  be  seriously  considered  by  those  who 
plan  to  make  such  determinations. 

■ThMC  results  will  booh  be  published  by  Dr.  Dushman. 
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Failure  to  observe  the  conditions  given  above  has,  it  is  feared  by  the 
writer,  very  seriously  vitiated  most  of  the  quantitative  results  obtained  in 
the  past  on  thermionic  current  in  a  vacuum.  It  is  also  undoubtedly  the 
principal  cause  of  the  opinion  which  is  so  prevalent  today  that  the 
electron  emission  from  hot  solids  is  a  secondary  effect,  probably  usually 
produced  by  chemical  reactions,  which  would  disappear  if  a  perfect 
vacuum  could  be  obtained. 

The  evidence  presented  in  this  paper  will,  it  is  hoped,  counteract 
these  unfortunate  tendencies  and  help  place  the  Richardson  theory  of 
electron  emission  on  a  firm  footing  or  at  least  stimulate  the  critical 
study  of  the  theory.  The  thermionic  effect  is  of  at  least  as  great  in- 
trinsic interest  as  the  photoelectric  effect,  and  should  receive  as  much, 
if  not  more,  attention  on  the  part  of  physicists. 

Let  us  now  examine  more  closely  some  of  the  experiments  which  have 
led  to  the  common  knowledge  of  thermionic  currents  in  vacuo. 

With  platinum  wires  extremely  variable  results  have  been  obtained. 
H.  A.  Wilson  found  that  by  heating  the  wire  in  oxygen  or  by  previously 
boiling  it  for  24  hours  in  nitric  acid,  the  thermionic  current  would  be 
reduced  to  the  ioo,oooth  part  of  its  original  value.  This  lower  value, 
however,  he  considers  the  normal  value  in  a  vacuum,  and  believes  the 
increase  observed  when  hydrogen  is  admitted  to  be  due  to  some 
secondary  effect. 

The  effect  of  oxygen  on  the  thermionic  current  from  platinum  is  so 
strikingly  similar  to  that  observed  with  tungsten  that  the  writer  cannot 
help  but  feel  that  the  cause  in  both  cases  is  similar.  The  writer  has 
found,'  and  will  soon  publish  his  results  in  detail,  that  when  a  platinum 
wire  is  heated  in  oxygen  at  low  pressure,  the  platinum  evaporates  at 
the  same  rate  as  in  a  vacuum  and  that  the  platinum  vapor  combines 
quantitatively  with  the  oxygen  after  it  leaves  the  surface  of  the  wire  to 
form  the  compound  PtOj.  This  is  identically  the  same  type  of  reaction 
that  has  been  observed  with  tungsten  and  nitrogen.  This  suggests 
strongly  that  oxygen  would  have  a  similar  effect  on  the  thermionic  current 
from  platinum  that  nitrogen  has  on  tungsten.  In  other  words,  the  oxygen 
would  cut  the  thermionic  current  down  to  a  value  lower  than  the  normal 
vacuum  current.  Hydrogen  would  reduce  the  oxide  and  allow  the  normal 
current  to  flow.  Of  course  it  is  quite  possible,  although  not  probable, 
that  some  gases  may  increase  the  thermionic  current  instead  of  de- 
creasing it. 

'  Jour.  Amer.  Chem.  Soc..  33,  p.  944  (1913). 
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Pring  and  Parker's  Experiments.' 

The  excellent  experiments  of  these  investigators  have  been  perhaps 
the  most  convincing  evidence  that  the  thermionic  electron  emission  is 
a  secondary  effect.  Let  us  therefore  criticize  the  experiment  in  the  light 
of  the  new  theory. 

In  the  first  place,  carbon  is  a  substance  which  at  high  temperatures  is 
particularly  active  chemically,  so  that  it  probably  reacts  with  every  gas 
present  in  the  system.  The  residual  gases  may  therefore  be  expected 
to  have  a  particularly  strong  action  in  reducing  (or  possibly  increasing) 
the  thermionic  current.  Although  Pring  and  Parker  have  attempted  to 
obtain  a  high  vacuum,  and  have  measured  the  pressures,  yet  the  best 
vacuum  they  claim  to  have  attained,  while  heating  the  cathode,  is  .001 
mm.  Actually,  however,  the  pressure  must  have  been  at  least  several 
times  this  amount,  for  mercury  vapor  (.002  mm.)  had  free  access  to  the 
apparatus  and  they  used  "soft  was"  in  several  places,  which  gives  off 
large  quantities  of  various  vapors,  all  of  which  are  readily  condensible 
and  therefore  not  indicated  by  the  McLeod  gage. 

In  the  second  place,  the  distance  between  anode  and  cathode  in  their 
experiments  varied  from  4.8  to  11  cm.,  so  that  in  a  perfect  vacuum, 
with  only  330  volts  on  the  anode,  they  could  have  obtained  only  very 
little  current  because  of  the  space  charge.  For  example,  if  we  calculate 
from  equation  (11)  the  total  current  that  could  be  carried  at  330  volts 
between  two  electrodes  8.0  cm.  in  area  at  a  distance  of  4.8  cm.,  we  obtain 
only  .0048  ampere.  Whereas  Pring  and  Parker  obtained  currents  as 
high  as  40  amperes,  with  only  40  to  60  volts  in  the  beginning;  later  on, 
after  the  carbon  had  ceased  giving  off  lai^e  quantities  of  gas,  the  currents 
fell  to  as  low  as  .000016,  with  the  temperature  of  the  carbon  rod  at  2050°, 

The  reason  that  the  currents  in  their  experiments  went  down  to  values 
so  much  below  that  which  we  have  calculated  above  from  the  "space 
charge  "  equation  may  possibly  be  that  the  electron  emi3sion  was  actually 
decreased  to  that  low  value  by  the  presence  of  gas.  A  much  more 
probable  explanation  suggests  itself  by  referring  to  the  diagram  of  their 
apparatus  (Fig.  1,  Pring  and  Parker's  paper).  Apparently  they  have 
placed  a  glass  cylinder,  F,  around  the  anode,  in  order  to  protect  the  walls 
of  the  tube  from  the  radiation  from  the  hot  anode.  In  discharges  at 
high  pressures  this  cylinder  would  have  little  or  no  effect  on  the  dis- 
charge, but  at  low  pressures,  where  the  free  path  of  the  electrons  from 
the  cathode  becomes  commensurate  with  the  distance  (apparently  about 
3  cm,)  from  the  cathode  to  this  cylinder,  the  effect  is  very  important. 
At  very  low  pressures  these  electrons  charge  up  the  cylinder  to  the 

'  Phil.  Mag.,  33,  193  (1912). 
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potential  of  the  anode  and  therefore  practically  destroy  the  potential 
gradient  close  to  the  cathode,  where  it  is  especially  needed  to  remove  the 
space  charge.  The  writer  has  often  observed  effects  of  this  kind  in  con- 
nection with  his  work:  in  fact,  in  very  high  vacuum  the  charging  up  of 
the  glass  sometimes  becomes  very  troublesome.  Thus,  in  some  casex, 
after  measuring  a  thermionic  current  with  240  volts  on  the  anode,  no 
current  at  all  w',II  be  obtained  when  the  anode  potential  is  changed  to 
120  volts.  By  touching  the  bulb  with  the  hand  and  then  with  the  other 
hand  touching  the  positive  terminal  of  the  direct  current  supply  line,  the 
-current  instantly  starts  up  again. 

In  Parker  and  Pring's  experiments,  therefore,  as  the  vacuum  improved, 
Ae  potential  available  for  the  removal  of  the  space  charge  decreased 
very  rapidly,  and  this  effect  is  probably  responsible  for  the  extremely 
small  currents  obtained  by  them  in  some  cases.' 

Lilienfeld's  Experimknts.* 

Lilienfeld  has  concluded  from  the  results  of  very  careful  and  elaborate 
experiments  in  which  we  took  precautions  to  obtain  a  particularly 
high  vacuum,  that  positive  ions  play  an  essential  rflle  in  conduction 
of  electricity,  even  through  the  highest  vacuum.  He  finds  that  beyond 
a  certain  point  these  effects  are  entirely  independent  of  the  degree  of 
vacuum.  He  finds  also  that  the  potential  gradient  is  uniform  in  the 
space  between  the  electrodes  and  that  the  current  varies  almost  exactly 
proportional  to  the  square  of  the  potential  gradient.  He  shows  from  these 
results  that  there  is  no  space  charge  (except  at  extremely  low  currents), 
but  that  there  must  be  equal  numbers  of  positive  and  negative  ions  in 
every  unit  of  volume. 

Lilienfeld  used  a  Wehnelt  cathode  as  a  source  of  electrons,  and  anodes 
^)f  platinum  foil,  which  were  kept  cold  by  liquid  air  while  the  dischai^e 
passed. 

These  results  are  so  radically  different  from  those  that  have  been 
described  in  the  present  paper,  that  they  call  for  comment.  The  effects 
observed  by  Lilienfeld  are  certainly  real,  and  prove  that  the  kind  of 
dischat^  that  he  was  studying  is  totally  distinct  from  the  pure  electron 
currents  that  have  been  obtained  with  hot  tungsten  cathodes. 

The  essential  difference  in  the  conditions  is  undoubtedly  the  use  of 
the  Wehnelt  cathode. 

■  In  still  mote  recent  work  Piing  (Froc.  Roy.  Soc.,  8g,  344,  1913)  again  finds  tlie  electron 
emission  from  carbon  to  be  due  entirely  to  secondary  eRects.  Undoubtedly  the  large  cur- 
rents tliat  have  often  been  obtained  are  due  to  these  causes,  but  some  measurements  we 
have  made  show  dearly  the  existence  of  a  true  electron  emission.     {See  Appendix). 

•  Ann.  Phys..  ja.  673  C'9'o)- 
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From  some  experiments  made  in  this  laboratory  with  Wehnelt  cathodes, 
and  judging  from  the  experiments  of  Child*  the  writer  is  strongly  of  the 
opinion  that  the  Wehnelt  cathode  is  not  a  primary  source  of  electrons 
at  all,  but  is  simply  a  cathode  which  is  particularly  sensitive  to  bom- 
bardment by  positive  ions  and  under  the  influence  of  such  bombardment 
emits  electrons  copiously. 

In  Lilienfeld's  experiments,  with  the  long  and  crooked  path  between 
anode  and  cathode,  the  space  charge  would  have  prevented  a  pure  electron 
discharge  from  taking  place.  The  Wehnelt  cathode,  however,  probably 
liberates  quantities  of  gas  sufficient  to  furnish  the  pjositive  ions  necessary. 
It  is  also  possible  that  Lilienfeld  obtained  a  steady  evolution  of  suf- 
ficient gas  by  the  electron  bombardment  of  the  anodes  which  had  never 
been  properly  freed  from  gas- 

Appendix.* 

Since  the  foregoing  paper  was  written,  a  lai^e  amount  of  data  on 
thermionic  currents  from  various  metals  have  been  obtained  under  con-  , 
ditions  of  still  better  vacuum.  The  measurements  thus  far  made  are  of 
a  preliminary  nature,  but  seem  to  indicate  that  the  normal  thermionic 
current  from  tungsten  is  even  larger  than  that  previously  given.  Much 
more  accurate  determinations  of  the  thermionic  currents  from  tungsten, 
tantalum,  molybdenum,  platinum  and  carbon  are  in  progress,  and  will 
be  published.  The  results  thus  far  show  that  with  all  these  substances, 
the  effect  of  residual  gases  is  always  to  decrease  the  thermionic  current. 
Often  the  current  obtained  after  the  best  vacuum  conditions  have  been 
attained  is  loo-i.ooo  times  as  great  as  that  observed  when  only  the  usual 
means  of  obtaining  so-called  high  vacuum  are  employed. 

The  following  preliminary  results,  giving  the  observed  thermionic 
currents  in  milliamperes  per  sq,  cm,  from  various  hlaments  at  2000°  K., 
may  be  of  interest,  but  should  be  considered  merely  as  lower  limits  to 
the  normal  electron  emission  in  a  perfect  vacuum; 

TbCTiDianlc  Cuirent 

■tiooo^K.  Rlch>rd*oa'» 

HitKl.  Milllampm.  ptr  Sq.  Cm.  CoDat«nt  i. 

Tungsten 3  SS.OOO 

Tantalum ' 7  50.000 

Molybdenum 13  50.000 

PUUnuni 0.6  80.000 

Carbon 1.0  32.000 

The  values  of  b  given  in  the  last  column  are  probably  all  slightly  too 
high.     With  platinum  it  is  extremely  difficult  to  get  concordant  results, 
>  Phys.  Rkv..  3a.  491  (1911). 
'Added  during  cotrection  of  proof. 
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probably  because  the  surface  film  is  fairly  stable,  even  close  to  the  melt- 
ing-point of  the  metal.  Fredenhagen'  has  recently  given  reasons  for 
concluding  that  none  of  the  measurements  thus  far  made  of  thermionic 
-currents  from  platinum  have  really  given  anything  more  than  secondary 
■effects.  He  suggests  that  the  presence  of  an  oxide  film  may  seriously 
affect  the  results.     Our  experience  has  fully  confirmed  his  conclusions. 

Summary. 
It  is  shown  both  theoretically  and  experimentally  that  the  mutual 
repulsion  of  electrons  (space  charge)  in  a  space  devoid  of  positive  Ions, 
limits  the  current  that  flows  from  a  hot  cathode  to  a  cold  anode.  For 
parallel  plane  electrodes  of  infinite  extent,  separated  by  the  distance  x, 
-and  with  a  potential  difference  V  between  them,  the  maximum  current 
•{per  unit  area)  that  can  flow  if  no  positive  ions  are  present  is 

.        v/2 


9t  Vm  x^' 


For  the  analogous  case  of  an  infinitely  long,  hot  wire,  placed  concen- 
trically within  a  cylindrical  anode,  of  radius  r,  the  maximum  current  per 
unit  length  is  _     _ 

.       2*/ 2     hv^ 
'  ~     9     SmrS'' 

where  $  varies  from  o  to  i,  according  to  the  diameter  of  the  wire,  but 
for  all  wires  less  than  1^20  the  diameter  of  the  anode,  0  is  a  quantity 
■extremely  close  to  unity. 

2.  In  the  presence  of  gas  at  pressures  above  .001  mm.,  and  at  voltc^es 
above  40  volts,  there  is  usually  sufficient  production  of  positive  ions  to 
grcstly  reduce  the  space  charge  and  thus  allow  more  current  to  flow  than 
indicated  by  the  above  equations. 

3.  It  is  shown,  contrary  to  the  ordinary  opinion,  that  the  general  effect 
■of  very  low  pressures  of  gas  is  to  greatly  reduce  the  electron  emission  from 
an  incandescent  metal. 

4.  This  effect  is  especially  marked  at  low  temperatures.  In  most 
cases  it  probably  disappears  at  very  high  temperatures. 

5.  The  constant  b  of  Rxhardson's  equation 

J  =  ay^J-e'' 
is  always  increased,  in  the  case  of  tungsten,  by  the  introduction  of  oxygen, 
nitrogen,  water  vapor,  carbon  monoxide  or  dioxide.    Ai^n,  however, 
Jias  no  effect  on  either  constant. 

■Leipilger  Berichte,  math.  phys.  Kl..  65.  41,  1913. 
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6.  The  normal  thermionic  current  from  tungsten  in  a  " periecl"  vacMum 
follows  Richardson's  equation  accurately.     The  constants  approximately: 

a  =  34  X  lo'  amps,  per  sq.  cm., 

i>  =  55.500. 

7.  Preliminary  data  are  given  for  the  electron  emission  from  tantalum, 
molybdenum,  platinum  and  carbon.  With  these  substances  also  the 
effect  of  gases  is  to  greatly  decrease  the  electron  emission. 

8.  The  effect  of  nitrogen  in  decreasing  the  thermionic  current  from 
tungsten  depends  on  the  voltage  of  the  anode.  In  many  cases  less  cur- 
rent is  obtained  with  240  volts  than  with  120  volts.  With  oxygen,  the 
effect  seems  independent  of  the  anode  voltage. 

0.  The  following  theory  seems  to  account  for  most  of  the  observed 
phenomenal  and  is  apparently  not  inconsistent  with  any: 

The  effect  of  gases  in  changing  the  saturation  current  is  due  to  the 
formation  of  unstable  compounds  on  the  surface  of  the  wire.  In  the 
cases  observed  the  presence  of  the  compound  decreases  the  electron 
emission.  It  is  possible,  however,  that  in  some  cases  it  might  cause  an 
increase.  The  extent  to  which  the  surface  is  covered  by  the  compound 
depends  on  the  rate  of  formation  of  the  compound  and  on  its  rate  of 
removal  from  the  surface.  The  compound  may  he  formed  on  the  surface 
directly  by  reaction  with  the  gas  {for  example,  oxygen),  or  by  reacting 
principally  with  positive  ions  which  strike  the  surface  (nitrogen).  The 
compjound  may  be  removed  from  the  surface  by  decomposition,  evapo- 
ration, or  cathodic  sputtering  (i.  e.,  being  driven  off  by  bombardment  of 
positive  ions). 

10.  The  experimental  conditions  which  should  be  met,  in  order  to 
most  easily  study  the  thermionic  currents  in  high  vacuum,  are  discussed. 
It  is  pointed  out  that  failure  to  observe  these  conditions  is  probably  the 
cause  of  other  investigators'  having  found  that  the  thermionic  cunenta 
tend  to  decrease  with  increasing  purity  of  the  cathode  and  progressive 
improvement  of  the  vacuum. 

11.  It  is  concluded  that  with  proper  precautions  the  emission  of 
electrons  from  an  incandescent  solid  in  a  very  high  vacuum  {pressures 
below  .lO""  mm.)  is  an  important  specific  property  of  the  substance  and 
is  not  due  to  secondary  causes. 

In  conclusion  the  writer  wishes  to  express  his  appreciation  of  the  valu- 
able assistance  of  Mr.  S.  P.  Sweetser,  and  Mr.  William  Rogers  who  have 
carried  out  most  of  the  experimental  part  of  this  investigation. 
Research  Laboratory, 

General  Electric  Company, 
Schenectady,  N.  V. 
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THE  SENSIBILITY  CURVES  FOR  SELENIUM;  A  NEW  SENSI- 
BILITY-WAVE-LENGTH MAXIMUM  AND  A 
NEW  PRINCIPLE. 

By  F.  C.  Brown  and  L.  P,  Sikg, 

RECENTLY  Pfund'  found  a  maximum  in  selenium  at  wave-length 
690  it;i  which  disappeared  when  the  intensity  of  illumination 
became  very  faint.  This  disappearance  caiis  attention  to  the  com- 
plexity of  the  light  action  in  selenium.  The  present  authors  were  led 
to  believe  as  a  result  of  a  mathematical  analysis  that  the  complex  be- 
havior might  be  simplified  by  using  very  short  periods  of  exposure  to 
the  light,  and  even  that  the  maxima  might  disappear  for  intense  illumi- 
nation also.  We  have  been  surprised  to  find  in  the  Giltay  cell  a  very 
pronounced  maximum  at  800  ^/i,  which  disappears  with  small  intensity 
just  as  the  maximum  discovered  by  Pfund  in  the  region  of  690  ij.fi  was 
observed  to  vanish.  And  further,  not  only  does  this  maximum  disappear 
with  intense  illumination  when  the  selenium  is  exposed  for  a  short  interval 
of  time,  but  all  maxima  disappear,  such  that  the  remarkable  result  is 
obtained  that  the  change  of  resistance  of  the  particular  cell  studied  is 
independent  of  the  wave-length  of  the  incident  light  between  460  and 
790  iifi.  The  change  of  resistance  for  light  in  this  region  is  solely  a 
function  of  the  intensity.  This  last  conclusion  is  important  in  that  it 
promises  us  an  instrument  for  measuring  energy  in  the  visible  spectrum 
more  delicate  than  the  thermopile  or  bolometer.  In  this  article  we 
propose  to  restate  the  conditions  under  which  the  maxima  appear  and 
to  define  a  method  of  using  the  selenium  cell  for  energy  comparisons  of  the 
various  wave-lengths  in  the  visible  spectrum. 

Theory. 
First  we  wish  to  make  clear  that  for  intense  illumination  made  up  of 
all  visible  wave-lengths,  we  should  obtain  the  simplest  conditions  by 
using  short  exposures.  A  mathematical  analysis  has  revealed'  that  for 
the  Giltay  cell  when  exposed  to  approximately  white  light  there  are  two 
direct  and  two  reverse  changes  taking  place  and  only  one  conducting 

'  Phys.  Rbv..  XXXIV.,  p.  370.  1913. 

■See  paper  by  F.  C.  Brown,  PHVS.  Rev.,  33.  p.  403.  1911. 
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element.  On  p.  408  of  the  article  referred  to  are  given  the  rates  of  change 
and  the  constituents  of  the  cell  under  specified  conditions.  For  a  short 
exposure  at  18*  C.  the  changes  in  the  conductivity  are  made  up  relatively 
as  follows: 

A-*B  -^tnA   -  11.200      X       .054  -  601 
A*-  B  -mB  -  .8  XU  -      9.6 

B-*  C  -  0iB  -  .ex      .9      -      0.T 

fl  <—  C  -  (JtC  -  3.6  X      .004  -      0.0 

Thus  it  appears  that  we  obtain  appreciable  changes  only  between  the 
A  and  B  components,  and  of  these  the  direct  change  constitutes  about 
98  per  cent,  of  the  total.  But  for  long  periods  of  exposure  the  amount  of 
each  of  the  four  changes  above  noted  approaches  equality,  as  A  becomes 
less,  and  B  and  C  become  greater.  The  analysis  shows  therefore  that 
the  short  exposure  gives  simple  and  single  changes,  while  any  long 
exposure  gives  a  most  complex  and  varying  summation,  because  the 
amounts  of  A,  B  and  C  are  continually  changing  with  time.  Maxima 
obtained  for  long  exposure  really  have  very  little  meaning  until  we  first 
establish  what  part  of  the  maximum  can  be  sorted  out  and  attributed 
to  the  direct  change  from  A  to  B. 

But  aside  from  what  has  just  been  said,  short  exposures  should  give  a 
constant  change,  because  for  a  short  interval  the  amounts  of  the  A, 
B,  and  C  components  are  approximately  fixed,  and  since  the  rates  of 
change  are  unvarying  under  given  conditions,  the  sum  of  mA  —  a»B 
—  &iB  +  fitC  should  be  constant.  For  any  long  interval  the  interchange 
of  the  components  makes  the  process  very  complex. 

We  therefore  decided  to  map  out  the  sensibility  of  the  selenium  for 
equal  enei^  throughout  the  spectrum,  by  exposing  the  selenium  for 
only  a  fraction  of  a  second,  using  sensibility  curves  for  longer  exposure 
merely  for  comparison. 

There  is  nothing  so  far  in  the  theory  to  indicate  why  short  exposures 
should  or  should  not  give  sharp  maxima.  Short  exposures  however  should 
give  simple  conditions. 

Arrangement  of  Apparatus  and  Method  of  Measurement. 

To  obtain  the  sensibility  curves,  the  principle  laid  down  by  Pfund' 
was  followed.  The  change  of  resistance  for  equal  energy  was  measured 
throughout  the  visible  spectrum.  The  arrangement  of  apparatus  is 
shown  in  Fig.  i.  Light  from  a  Nernst  filament,  N,  manufactured  by 
P>'e  and  Co.  for  their  lamp  and  scale  outfit,  is  focused  by  the  lens  L,  on 
the  collimating  slit  S\  of  a  constant  deviation  monochromatic  illuminator, 

■  Phil.  Mag.,  Jan.,  1904. 
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manufactured  by  Spmdler  and  Hoyer.  The  Nemst  glower  was  main- 
tained at  constant  intensity  by  using  storage  battery  for  heating  current. 
The  bundle  of  quasi-homogeneous  rays  was  then  focused  on  the  slit  St, 
and  from  there  was  focused  by  means  of  the  concave  mirror  M,  upon 
either  the  thermopile  slit  or  the  selenium  cell,  as  desired.  The  lenses 
of  the  monochromatic  illuminator  were  20  mm.,  or  f/i2.j  in  diameter, 
and  hence  with  this  apparatus,  much  of  the  energy  is  lost.  A  new 
illuminator  of  greater  light-gathering  power  has  been  obtained  and  will 
be  used  for  future  work.  The  slits  Si  and  St  were  kept  of  equal  width, 
which  varied  from  0.3  to  i  mm.  The  length  of  the  slits  was  one  centi- 
meter. 

The  thermopile  was  of  the  Rubens  type,  but  it  was  of  bismuth-silver 
wires  of  the  improved  design  of  Dr.  W.  W.  Coblentz.    It  was  remarkably 


Fig.  1. 


free  from  drift  and  altogether  very  satisfactory,  as  used  with  a  Thomson 
galvanometer  made  by  Siemens  &  Halske.  The  galvanometer  had  a 
resistance  of  5.4  ohms,  and  the  thermopile  had  a  resistance  of  7.4  ohms. 
This  combination  when  a  glass  cover  was  in  front  of  the  thermopile 
junctions  gave  a  deflection  of  300  divisions  with  a  candle  at  a  meter. 
The  period  was  about  5  seconds  for  this  sensibility.  By  increasing  the 
period  the  sensibility  could  have  been  increased  several  times,  easily  to 
more  than  1,000  divisions  per  candle  per  meter.' 

■  since  the  above  ttat  wai  made  we  bave  received  a  standard  carbon  incandescent  lamp 
from  tlie  Bureau  of  StandardH.  calibrated  for  total  radiation  in  a  given  direction.  By  means 
of  this  standard  lamp  we  found  the  sensibility  of  the  thermopile  to  Iw  9,3  X  to~*  watts/mm. 
deflection  on  out  scale.  It  must  be  remembered  that  this  senAlbillty  was  obtained  with  a 
glass  cover  over  the  thermopile.  Had  this  cover  been  removed,  the  sensibility  would  have 
been  much  greater. 
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A  Giltay  cell,  the  one  previously  studied  by  one  of  the  authors,  was 
used.*  It  had  a  resistance  of  399,000  ohms  in  the  dark  with  4  volts  in 
the  circuit,  or  270,000  ohms  with  20  volts.  It  was  connected  in  a  Wheat- 
stone  bridge.  For  the  long  exposures  a  potential  of  4  volts  was  left  in 
the  circuit  continuously,  but  for  the  exposures  of  a  fraction  of  a  seccmd 
duration  the  potential  was  changed  to  20  volts.  Durii^  the  experiments 
the  temperature  did  not  vary  from  24°  by  as  much  as  one  degree.  For 
the  long  exposures  a  Leeds  &  Northrup  high  sensibility  galvanometer  of 
about  1, 000  ohms  was  used.  For  the  short  etposures  the  method  outlined 
by  Brown  and  Clark*  was  adopted.  With  this  a  ballistic  galvanometer 
of  22  seconds  period  was  substituted  for  the  above  galvanometer. 

We  deviated  from  the  procedure  outlined  by  Dr.  Pfund  in  two  es- 
sentials. An  exposure  of  a  fraction  of  a  second  was  used,  and  secondly 
we  did  not  give  the  cell  a  special  treatment  of  the  nature  of  preliminary 
exposure  before  making  each  observation.  Aside  from  the  advantage 
of  simplifying  the  conditions,  the  short  exposure  has  the  advantage  in 
that  a  shorter  time  is  necessary  for  recovery.  We  do  not  believe  in  the 
special  treatment  immediately  before  making  an  observation,  because 
such  only  exaggerates  the  complexity,  and  makes  it  more  difficult  to 
define  the  characteristics  of  a  given  sample  of  selenium.  Each  distinct 
preliminary  treatment  should  give  a  corresponding  distinct  sensibility 
curve,  providing  only  that  the  special  treatment  varies  either  in  duration 
or  nature  of  action  on  the  slow  rates  of  change  in  the  selenium. 

The  intensity  of  illumination  was  varied  by  a  rotating  sector  disc,  Sm, 
and  an  optical  wedge,  W,  (Fig.  i)  either  singly  or  in  combination.  It  was 
very  easy  by  this  combination  to  verify  the  applicability  of  Talbot's 
law.  However  we  did  not  make  as  extensive  a  verification  as  was  made 
by  Pfund. 

The  total  area  of  the  selenium  exposed  was  about  4  mm*,  which  was 
only  a  little  more  than  a  thousandth  part  of  the  entire  sensitive  surface. 
The  fact  that  only  such  a  small  portion  of  the  selenium  was  exposed  was 
marked  only  by  an  apparent  decrease  of  the  sensibility  of  the  selenium 
by  a  constant  value. 

We  first  obtained  a  family  of  sensibility  curves  with  varying  enei^ 
intensity  on  the  selenium  using  long  periods  of  exposure,  30  sec.  In 
general  the  energy  on  the  thermopile  was  adjusted  to  constant  deflection 
of  the  galvanometer  (20  div.)  or  to  within  five  per  cent,  of  this  value. 
Then  the  selenium  was  exposed  to  this  same  bundle  of  energy.  The 
slit  width  was  0.2  mm.    This  width  gave  a  very  sharp  maximum  (see 

'  Phts.  Hbv..  33.  p.  403. 
*Phis.  Rbv..  33,  p.  S3.  1911. 
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Fig.  2)  at  800  lilt,  a  maximum  less  shatp  and  much  less  pronounced  at 
690  nn,  and  a  broad  maximum  attending  from  540  itit  to  600  uit  (Fig.  2). 
In  obtaining  Curve  C  a  different  practice  was  resorted  to.  First  the 
enei^  from  a  Nemst  glower  was  measured  throughout  the  spectrum. 
And  then  to  obtain  equal  energy  on  the  selenium  the  calibrated  sector 
disc  openings  were  adjusted  in  inverse  ratio  to  the  energy  in  the  different 
parts  of  the  spectrum.  This  method  had  the  advantage  of  picking  out 
the  characteristics  of  the  curve  quickly  and  with  a  small  number  <^ 
observations,  but  it  required  supplementary  readings  by  the  other  method 
in  some  instances  in  order  to  obtain  higher  precision  in  the  relative  values 
of  adjacent  points.    The  energy  intensity  which  gave  curve  A  was 


about  that  of  a  candle  at  four  meters.  The  intensity  of  exposure  on 
the  selenium  was  decreased  by  use  of  the  sector  disc  by  steps,  until  it 
was  diminished  to  one  fortieth  of  the  above  value.  The  curves  are  shown 
in  Fig.  2. 

The  points  of  interest  are  first  that  there  is  a  sharp  maximum  at 
800  lilt  which  has  not  hitherto  been  observed  in  selenium,  and  second 
that  faint  energy  will  not  bring  out  this  maximum.  This  last  point  is 
very  similar  to  Ffund's  observation.  The  vanishing  of  the  maxima  with 
faint  illumination  may  be  explained  in  terms  of  the  rates  of  change 
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«d&tent  in  selenium.  For  faint  illumination  all  the  rates  of  change  are 
email,  particularly  are  a\  and  at  small  in  comparison  with  their  values 
for  intense  illumination.  This  simply  means  that  in  a  30-second  interval 
with  faint  illumination  there  is  only  time  for  the  A  component  to  be 
transformed  into  the  B  component  and  of  the  original  B  component  to 
be  transformed  into  the  C  component,  and  that  of  the  B  component  for 
example  the  excess  formed  by  the  light  is  so  small  in  this  time  that  only 
the  original  amount  need  be  considered  in  the  formation  of  the  C  com- 
ponent. A  long  exposure  to  faint  illumination  tends  to  approach  the 
same  simplicity  that  a  short  exposure  to  intense  illumination  accomplishes. 

We  next  tested  the  effect  of  varying  the  time  of  exposure  to  intense 
light  referred  to  in  the  theory  to  see  if  the  maximum  would  tend  to  vanish. 
The  new  duration  of  ex[X)sure  was  .4  sec.  and  the  slit  width  was  one 
millimeter.  The  enei^  beam  was  focused  on  the  selenium,  so  that  we 
obtained  a  somewhat  greater  energy  intensity  than  any  which  gave  the 
curves  in  Fig.  2.  The  observations  were  found  to  agree  with  each  other 
very  well  indeed;  five  observations  were  taken  for  each  setting  of  the 
illuminator  except  one.  One  division  on  the  scale  was  usually  the 
maximum  variation  obtained.  For  the  selenium  the  error  was  not  as 
great  as  one  per  cent.  However  it  was  not  easy  to  assure  the  individual 
thermopile  readings  to  a  greater  accuracy  than  five  per  cent. 

The  Curve  A  (Fig,  3)  shows  the  average  of  the  deflections  of  the  ballistic 
galvanometer,  i.  e.,  the  change  of  resistance,  between  500  fi/i  and  810  fifi. 
It  is  altogether  probable  that  the  single  point  that  is  off  the  curve  was 
off  as  a  result  of  error  due  to  insufficient  number  of  thermopile  readings. 
By  the  method  that  we  used  it  was  necessary  to  diminish  the  energy 
in  order  to  make  observations  beyond  500  ji/n.  By  diminishing  the 
energy  to  1/20  of  the  original  value  the  Curve  At  was  obtained.  The 
average  of  a  large  number  of  observations  indicated  that  the  inde- 
pendent relationship  between  wave-length  and  deflection  extended 
back  as  far  as  460  itti. 

The  Curves  B  and  C  represent  the  observations  for  long  periods  of 
exposure  to  the  same  intensity  as  above  mentioned.  The  ordinates  for 
Curves  B  and  C  are  arbitrary  and  do  not  correspond  to  those  for  Curve .4. 
It  is  observed  that  a  6D-second  exposure  (Curve  C)  makes  the  maxima 
and  minima  slightly  more  pronounced  than  a  30-second  exposure  (Curve 
B).  Perhaps  a  difference  curve  between  an  exposure  curve  for  a  very 
long  time  and  one  for  a  very  short  time  would  give  a  sensibility  curve 
arising  solely  from  the  slow  changes  in  the  selenium.  However  this  has 
not  been  carefully  thought  out  yet.  Observations  taken  after  quickly 
Te[>eated  exposures,  particularly  to  longer  wave-let^:ths,  tend  to  smooth 
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out  the  maxima.  Dr.  Pfund  has  had  the  kindness  to  communicate 
some  very  interesting  and  as  yet  unpublished  results  by  Mr.  P.  J. 
Nicholson  which  are  directly  in  agreement  with  our  result,  viz.,  that  the 
slow  rates  of  change  arise  from  light  of  the  longer  wave-lengths.  His 
results  show  that  the  form  of  sensibility  curves  is  markedly  altered  by 
varying  the  wave-lei^th  of  the  preliminary  exposure,  and  that  under  the 
continued  influence  of  infra-red  radiations  (Soo  itfx),  the  usual  fatigue 
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Fig.  3. 

A  Is  for  0.4  «econd  exposure;  B  Ib  f or  30  second*  exposure;  C  is  for  60  seconds  exposure. 

and  lag  almost  disappear.  The,  fatigue  and  lag  seem  to  us  merely  evi- 
dences of  the  slow  changes  in  conductivity. 

Having  received  a  more  powerful  illuminator  we  are  extending  our 
work,  to  find  out  the  limits  in  which  the  change  of  resistance  is  inde- 
pendent of  the  wave-length  for  short  exposure,  to  establish  the  law  of 
change  of  resistance  with  intensity,  and  to  compare  other  varieties 
of  selenium  and  light-sensitive  materials. 

It  is  interesting  to  note  how  rapidly  the  curve  falls  off  beyond  800  u-v- 
We  are  unable  to  account  for  a  mechanism  that  would  produce  a  sudden 
jump  of  this  kind. 
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The  minima  as  well  as  the  maxima  arise  from  the  longer  periods  of 
exposure.  It  may  be  that  minima  indicate  the  normal  states  for  short 
exposure  for  particular  wave-lengths,  which  means  that  spurious  maxima 
arise  from  slow  changes. 

SUUMAKY. 

1 .  The  sensibility  curve  for  a  Giltay  cell  has  been  determined  under 
varying  conditions. 

2.  In  accordance  with  theory  it  has  been  shown  that  long  periods  of 
exposure  give  varying  degrees  of  complexity,  and  are  responsible  for 
the  regions  of  maximum  sensibility. 

3.  By  long  [>eriods  of  exposure  a  new  maximum  is  obtained  at  Soo  fif>. 

4.  By  exposures  of  a  fraction  of  a  second  the  maxima  and  minima 
vanish  and  between  about  460  fift  and  790  itn  the  change  of  resistance  is 
independent  of  the  wave-length. 

5.  The  work  thus  far  accomplished  emphasizes  the  importance  of 
defining  simple  conditions  for  obtaining  the  maxima  of  such  a  complex 
acting  agent  as  selenium. 

6.  The  maxima  and  also  the  minima  in  the  Giltay  cell  studied  arise 
from  the  slow  rates  of  change. 

7.  A  selenium  cell  of  this  type  by  virtue  of  the  independence  of  wave- 
length for  short  periods  of  exposure  promises  to  be  the  most  delicate 
instrument  constructed  for  measuring  enei^y  within  the  range  noted. 

Thb  Physicai  Labokatory. 
The  University  of  Iowa. 
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ON  THE  NATURE  OF  THE  VOLTA  EFFECT;    A  REPLY. 
Bv  FmtMANiM}  Sampord. 

IN  the  July  number  of  this  journal  Mr.  Albert  E.  Hennings'  under- 
takes to  show  that  the  results  ot  an  ^cperiment  as  published  by  the 
present  writer  were  spurious.  Mr.  Hennings  bases  this  charge  upon  the 
results  of  some  experiments  which  he  claims  "reproduce  the  essential 
elements  of  the  experiment  described  by  Sanford."  In  this  claim  Mr. 
Hennings  is  seriously  mistaken,  as  his  ex[>eriments  reproduce  none  of 
the  essential  elements  of  the  experiment  described  by  me.*  The  experi- 
ment which  Mr.  Hennings  undertook  to  reproduce  in  a  more  satisfactory 
manner  was  performed  by  lowering  an  insulated  zinc  ball  into  a  hollow 
conductor  unril  it  touched  the  bottom,  then  withdrawii^  it  and  measuring 
the  contact  charge  taken  by  the  ball  from  the  inside  of  the  hollow  con- 
ductor or  from  a  disc  of  another  metal  resting  upon  its  bottom.  The 
conclusions  drawn  from  the  experiment  were  based  upon  the  assumption 
that  the  metal  disc  Inside  the  hollow  conductor  was  effectually  screened 
from  all  outside  induction.  Mr.  Hennings  criticized  the  validity  of  my 
conclusions  because  he  thought  the  metal  disc  and  ball  were  not  screened 
from  the  inducrive  effects  of  a  hypothetical  chaise  on  the  silk  thread 
by  which  the  ball  was  insulated. 

Mr.  Hennings's  reproduction  of  the  essential  elements  of  this  experi- 
ment consists  in  insulating  a  metal  beaker,  then  lowering  an  uninsulated 
steel  ball  into  it  by  means  of  a  long  conductor  connected  to  earth,  with- 
drawing the  long  conductor  and  ball  and  measuring  the  contact  charge 
left  upon  the  then  insulated  beaker. 

This  arrangement  of  a  metallic  beaker  connected  to  earth  by  a  long, 
uninsulated  conductor  standing  up  inside  it  can  be  called  a  hollow  con- 
ductor only  by  courtesy,  and  seems  to  be  especially  adapted  to  eliminating 
all  the  properties  for  which  hollow  conductors  have  heretofore  been  used. 
The  outside  of  a  hollow  conductor  has  been  defined  as  the  surface  most 
exposed  to  the  induction  of  surrounding  charges.  If  this  definition  be 
adopted,  Mr.  Hennings  has  succeeded  in  introducing  the  outside  of  his 
hollow  conductor  into  the  inside  of  his  beaker.     It  is  at  least  certain  that 

>  "Nature  of  the  VolU  Effect."  Phts.  Kev..  Ser.  II.,  Vol.  I.,  p.  i. 

*  "On  The  Nature  of  the  Volta  Effect."  Pavs.  Rsv.,  XXXV,.  484  (igii). 
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no  experiments  in  which  the  shielding  properties  of  a  hollow  conductor 
were  involved  could  be  performed  with  such  a  devi«  as  the  one  invented 
by  Mr.  Hennings, 

The  remainder  of  Mr.  Hennings's  paper  contains  nothing  touching 
in  any  way  upon  the  validity  of  the  conclusions  drawn  from  my  experi- 
ment. In  fact,  he  finally  comes  to  the  same  conclusion  as  to  the  nature 
of  the  Volta  effect  that  is  stated  at  the  end  of  my  pa[>er.  I  state  as  a 
result  of  what  I  conceive  to  be  the  teachings  of  my  experiment  that 
"Apparently  the  Volta  effect  is  not  due  to  any  electrolytic  action  betweoi 
the  opposed  metals,  but  different  metals  when  in  contact  with  the  earth 
or  with  the  inside  of  the  same  hollow  conductor  may  be  at  different 
potentials  relative  to  each  other."  Mr.  Hennings  says,  "The  surfaces 
of  conductors  which  have  been  discharged  to  earth  act  just  as  though  they 
were  definitely  and  characteristically  chai^:ed." 
Stantobs  UtnvBKStTy, 
SepUmber  13,  1913 
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THE    MAGNETIC    SUSCEPTIBILITY    OF    GASES.> 
By  W.  p.  Roop. 

1.  The  explanation  of  the  magnetic  properties  of  substances  in  terms 
of  electronic  motions  is  the  objective  point  of  the  physical  theory  of 
magnetic  phenomena.  Recent  work  has  been  done  In  developing  a 
theory  of  ferro- magnetic  phenomena  by  Weiss  and  in  investigating  the 
magnetic  properties  of  organic  compounds  by  Pascal.  In  each  of  these 
cases,  however,  the  results  have  been  useful  principally  as  determining 
susceptibility  as  a  function  of  structural  relations  rather  than  as  a 
fundamental  property  of  matter.  On  the  other  hand,  the  theory  of 
Langevin  and  the  magneton  hypothesis  of  Weiss,'  supported  by  work  at 
low  temperatures  in  the  Leiden  laboratory,  look  toward  a  more  general 
theory  of  magnetism,  so  that  magnetic  phenomena  may  be  expected 
eventually  to  occupy  a  place  in  the  electro-magnetisches  Wellbild  of 
Abraham. 

It  is  unfortunate,  however,  that  experimental  work  has  been  of  necessity 
almost  entirely  limited  to  investigations  of  the  magnetic  properties  of 
solids,  liquids,  and  solutions.  For  it  is  only  in  gases  that  the  molecule 
is  sufficiently  free  from  the  disturbing  influences  of  its  neighbors  so  that 
a  direct  study  of  molecular  properties,  as  distinguished  from  structural 
properties,  becomes  possible. 

2.  The  study  of  the  magnetic  properties  of  gases  is  difBcult  on  account 
of  the  extreme  smatlness  of  the  quantities  to  be  measured.  This  dif- 
ficulty becomes  apparent  in  the  large  differences  between  results  obtained 
by  different  observers.  Oxygen  is  the  only  gas  whose  susceptibility 
has  been  measured  with  sufficient  accuracy  to  justify  a  comparison  of 
results.  Data  are  also  available  for  air  and  NO,  but  the  behavior  of 
these  is  due  to  the  oxygen  content.  With  other  gases,  there  is  no  agree- 
ment, even  as  to  sign.  A  partial  summary  of  values  for  the  suscepti- 
bility of  oxygen  is  given  on  the  following  page. 

3.  Before  systematic  study  of  the  magnetic  properties  of  gases  can  be 
expected  to  yield  valid  results,  a  method  must  be  devised  which  shall  be 

>  A  prelimirmiy  report  of  wotk  conducted  uoder  a  grant  from  the  Riunford  fund  of  the 
American  Academy  of  Arts  and  Sciences. 

■  For  a  summary  of  the  work  of  Langevin  and  Weiss,  with  references  to  the  papers  of  the 
otben,  sec  Phys.  Ztschrft.,  II,  935.  igil. 
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sensitive  enough  to  be  used  with  other  gases  than  oxygen,  and  which 
shall  give  consistent  results  with  oxygen.  A  suggestion  is  given  by 
Drude.'  A  manometer  consisting  of  a  closed  tube  containing  two 
fluids  (see  Fig.  i)  becomes  very  sen^tive  if  the 
fluids  have  a  small  density  difference.  For  ordinary 
purposes,  such  a  manometer  could  not  be  used,  since 
X**a  there  would  be  no  way  of  connecting  it  with  the 
pressure  to  be  measured.  But  if  one  of  the  boundii^ 
surfaces  be  placed  in  a  magnetic  fleld,  the  surface  is 
lt->,  displaced  into  a  new  equilibrium  position  such  that 
the  hydrostatic  pressure  due  to  the  displacement  is 
balanced  by  the  pressure  due  to  the  magnetic  field. 
The  pressure  on  the  bounding  surfaces  tending  to 
restore  them  to  their  equilibrium  positions,  for  a  dis- 
placement d,  is  dg(p  —  Pa),  where  p  and  pt  are  the  respective  densities 
of  the  fluids.  Since  there  are  two  such  surfaces,  each  of  which  is  dis- 
placed by  the  same  amount,  the  total  pressure  tending  to  restore  equi- 
librium is  2dg(p  —  po).  The  magnetic  pressure  tending  to  disturb  the 
hydrostatic  equilibrium  is  (e  —  «(i)/2  ■  H^,  where  k  and  kq  are  the  respective 
susceptibilities  of  the  two  fluids.     Equating  these  pressures,  and  solving, 

4^g(p  —  Po) 

K-K. J^ . 

In  case  the  magnetic  field  intensity  H  at  the  other  bounding  surface  is 
not  negligible,  this  becomes 

_  _  4dg(p  —  Pa) 
"  "'  IP-H«*  ' 
4.  Now  at  the  boundary  between  two  gases,  there  is,  of  coune,  no 
sharp  discontinuity.  The  suggestion  of  Drude,  that  a  film  of  liquid  be 
used  to  separate  the  gases,  seems  impracticable.  It  is  possible,  however, 
to  carry  out  the  experiment  in  such  a  way  that  the  gases  only  remain  in 
contact  with  each  other  for  such  a  short  time  that  diflfusion  introduces 
no  serious  errors. 

*  PhTsik  des  Aethers.  lit  ed.,  p.  148. 
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Consider  the  effect  of  diffusion  on  a  boundary  initially  sharp.  In  a 
straight  tube,  of  uniform  bore,  the  diffusion  will  be  symmetrical,  so  that 
the  section  of  the  g;as  column  originally  constituting  the  boundary  remains 
the  section  at  which  the  concentrations  of  the  two  gases  are  equal.  In 
what  follows  we  will  designate  this  section  as  the  boundary.  On  one  side 
the  concentration  of  one  gas,  and  on  the  other  side  the  concentration  of 
the  other  gas,  will  drop  off  more  or  less  gradually  to  zero.  Let  Y  be 
the  coordinate  parallel  to  the  axis  of  the  tube.  Suppose  that  the  diffusion 
at  a  given  time  t  has  made  the  mixture  of  the  gases  appreciable  to  a 
distance  Oi  on  one  side  and  Ot  on  the  other  side  of  the  boundary  at  yt. 
The  density  and  susceptibility  will  vary  continuously  from  y  =  yo  —  Oi 
to  y  =  yo  +  Ot- 

On  account  of  the  symmetry  of  the  manometer  the  hydrostatic  force 
caused  by  the  bodily  displacement  of  both  gases,  together  with  the  region 
within  which  diffusion  has  occurred,  up  d  cm.  on  one  side,  and  down  the 
same  distance  on  the  other,  will  be  the  same  as  if  the  boundaries  were 
true  discontinuities,  provided  that  the  diffusion  results  in  the  same  dis- 
tribution of  gas  on  one  side  as  on  the  other,  and  does  not  extend  beyond 
the  straight  parts  of  the  tube. 

As  regards  the  magnetic  forces,  consider  the  region  between  ya  —  ai 
and  yo  +  Oi  to  be  tilled  with  layers  of  gas  mixture  of  uniform  composition 
enclosed  between  cross-sections  of  the  tube  at  intervals  of  Ay,  differing 
from  each  other  in  composition  and  susceptibility  by  differential  in- 
crements. Denote  the  concentration  of  one  of  the  gases  at  point  y 
by  Cg.  That  of  the  other  is  then  i  —  c,.  If  susceptibility  is  an  additive 
function  in  mixtures,  the  susceptibility  of  the  mixture  at  y  is  k-c, 
+  kd(,i  —  Cy).  The  susceptibility  difference  between  two  neighboring 
layers  is  therefore  (k  —  «o)Ac».    The  magnetic  pressure  now  becomes 


J»-"i 


IP  .  '^dy. 
dy 


Or,  if  the  limits  of  integration  lie  within  the  region  over  which  H  has  a 
sensibly  uniform  value,  we  have 


O 


Since  the  integral  g^ves  the  concentration  difference  between  the  points 
y  -\-  at  and  y  —  a\,  which  is  unity,  the  expression  for  m^netic  pressure 
reduces  to  that  previously  given.  The  conditions,  therefore,  under  which 
the  simple  expression  for  susceptibility  is  unchanged  by  diffusion  are 
these: 
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(i)  Diffusion  same  on  two  sides  of  manometer. 

(2)  Diffusion  limited  to  straight  part  of  tubes. 

(3)  Diffusion  limited  to  uniform  part  of  field. 

(4)  Susceptibility  of  mixtures  additive. 

5.  Of  these  conditions,  (3)  Is  the  most  questionable.  We  may  de- 
termine approximately  the  extent  to  which  it  is  met  in  the  following  way. 
Consider  the  diffusion  in  a  closed  tube  of  bore  negligible  relative  to  the 
dimensions  of  the  manometer.  In  such  a  tube  It  seems  justifiable  tO' 
assume  that  diffusion  proceeds  in  such  a  way  as  not  to  disturb  the 
uniformity  of  concentration  in  any  right  section  of  the  tube,  so  that  the 
concentration  gradient  remains  everywhere  parallel  to  the  axis  of  the 
tube.  Let  5  be  the  coordinate  measured  along  this  axis.  The  diffusion 
proceeds  subject  to  the  condition 

dc  _     3^ 

dt  ~     as*' 

c  being  concentration  of  one  of  the  gases,  and  k  the  diffusion  constant. 

Suppose  the  tube  to  be  half  filled  with  each  of  two  different  giases  in 
such  a  way  that  the  two  boundaries  separating  the  two  gases  are  initially 
sharp.  Consider  the  origin  of  the  coordinate  s  to  be  located  half-way 
between  the  two  boundaries.  The  initial  distribution  may  then  be 
described  as  follows: 

When  /  =  o, 

c  —  /<i(s)  =  o    where     —  I  <  s  < , 


=  o    where     +-<*<+/. 

Here  2/  is  the  entire  length  of  the  manometer  tube,  measured  along  its 
axis.    Further,  for  all  values  of  t,  at  the  boundaries,  where 


c  =  2  -H  S/>nC      "     cos-j-s 

satisfies  all  conditions  if 

I 

«-; 

<  Cf.  H.  A.  Lorenti,  Differential'  u.  Integralrechnung. 
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=  (—  l)  '    •  —    when  n  is  odd, 

or 

—  o  when  «  is  even. 

Since  the  conditions  named,  viz.,  the  boundary  conditions,  the  initial 
conditions,  and  the  condition  expressed  by  the  differential  equation, 
determine  phystcetlly  the  progress  of  the  diffusion,  and  since  the  function 
represented  by  the  Fourier  series  satisfies  all  these  conditions,  this 
function  must  give  the  true  relation  existing  between  the  concentration, 
time,  and  distribution  along  coordinate  s.  Thus  we  may  determine  the 
extent  to  which  difTusion  has  caused  a  failure  to  meet  condition  (3)  at 
any  time  /. 

6.  The  method  has  been  tested  by  the  use  of  a  simple  apparatus  of  the 
form  shown  in  the  diagram.  The  essential  part  of  the  apparatus,  the 
gas  manometer,  is  contained  between  the  two 
three-way  cocks,  A  and  B.  One  arm  of  the 
manometer  is  placed  between  the  poles  of  a 
Weiss  electro-magnet,' with  locm.  cores.  The 
other  arm  is  at  a  distance  of  3  cm.  from  the 
edge  of  the  cylindrical  pole-pieces.  One  side 
of  the  manometer  is  filled  with  air,  the  other 
with  COi.  On  turning  the  cocks  A  and  B  so 
as  to  connect  the  two  sides  of  the  manometer 
with  each  other,  the  heavier  gas  settles  and 
fills  each  side  of  the  manometer  in  the  lower 
half  only,  while  the  upper  half  of  each  side  is 
occupied  by  the  lighter  gas.  If  now  this 
process  is  repeated  with  the  magnet  acting  on 
the  gases  on  one  side,  a  different  position  of 
equilibrium  is  reached.     The  distance  between  p;_  2. 

these  two  equilibrium  positions  is  d.      It  is 

determined  by  forcing  the  gas  out  of  each  side  separately  into  a  gas 
burette  by  lifring  the  mercury  reservoir,  and  measuring  the  volume  of 
air,  after  having  absorbed  the  CO*  in  the  KOH  solution  with  which  the 
burette  is  filled  and  operated.  The  difference  between  the  volume  of 
unabsorbed  gas  obtained  without  the  field  and  that  obtained  with  it, 

*  A  BolcDoid  cannot  be  used,  both  on  account  of  temperature  dlBturbancea,  and  because  a 
manotneter  of  exceuiveljr  large  croee-Bectlon  would  be  necesBaT7. 
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divided  by  the  cross  section  of  the  manometer  tube,  gives  d.  To  cal- 
culate d,  however,  it  is  only  necessary  to  observe  the  difference  in  the 
burette  readings  in  the  two  cases,  and  divide  by  the  ratio  of  the  cross- 
sectional  areas  of  manometer  and  burette  tubes. 

7.  The  total  length  2/  of  the  manometer  was  50  cm.  The  iatemal 
diameter  of  the  manometer  tubes  was  about  4.5  mm.,  that  of  the  bore 
of  the  cocks  being  3  mm.  The  ratio  of  cross-sectional  areas  of  manometer 
and  burette  tubes  was  found  by  mercury  weighings  to  be  11.3.  It  was 
found  to  require  about  7  seconds  after  opening  the  cocks  for  the  boundaries 
to  reach  their  equilibrium  positions.  One  cock  was  in  each  case  opened 
for  that  length  of  time,  the  other,  however,  was  necessarily  0[>en  a  little 
longer. 

The  field  was  determined  by  means  of  a  bismuth  spiral,  using  the  cali- 
bration curve  furnished  by  the  makers  and  correcting  for  the  difference 
(4°)  between  the  temperature  of  the  calibration  and  that  at  which  the 
measurements  were  made.  The  current  necessary  was  only  2  amperes 
(capacity  of  the  magnet  20),  and  the  corrected  tield  intensity  was  6,220 
gausses.  The  intensity  at  the  other  manometer  arm.  Ho,  was  750 
gausses.     Whence  IP  -  Hi?  =  38.2  X  io». 

The  mean  of  six  observations  of  burette  reading  difference  is  4.8  cm., 
whence  d  =  .425  cm.  This  figure  leads  to  the  value  of  0.030  X  10"* 
for  the  susceptibility  difference  between  air  and  COt,  and  to  this  cor- 
responds a  value  for  the  susceptibility  of  oxygen  of  0.144  ^  'o"*'  ^^t  "f 
COt  being  negligibly  small. 

By  substituting  the  numerical  values  for  the  diffusion  constant 
(0.142  C.G.S.)  and  the  dimensions  of  the  apparatus  in  the  equation 
obtained  in  paragraph  5,  we  find  that  at  the  end  of  7  seconds  the  atr  at  a 
distance  of  5  cm.  from  the  boundary  contains  7  per  cent,  of  COj.  Doubt- 
less the  diffusion  somewhat  exceeds  the  calculated  amount,  on  account 
of  the  motion  of  the  boundaries  from  the  cocks  to  their  equilibrium 
positions.  Nevertheless  the  error  due  to  neglecting  diffusion  altc^ther 
must  be  small,  as  the  result  is  close  to  the  average  of  previously  obtained 
values. 

SUISISARY. 

A  new  method  for  determining  gas  susceptibility  is  developed  which 
far  exceeds  previous  methods  in  sensitiveness. 

An  illustrative  set  of  data  taken  with  air  and  COt  leads  to  the  value  for 
oxygen  of 

K  =  0.144  X  10-*. 
COttKBlX  Univbbsiit, 
July,  19I3- 
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Conditions  Involving  a  Deckbase  of  Priuaky  Current  with 
Increasing  Secondary  Current.* 

By  f.  J.  RoGEKs. 

UNDER  all  ordinary  conditions  prevailing  in  practice  an  increase  of  the 
secondary  current  in  a  transformer  or  induction  coil  is  accompanied 
by  an  increase  in  the  primary  current.  Recently  the  writer  accidentally 
stumbled  upon  conditions  in  which  the  reverse  is  true. 

A  purely  experimental  investigation  showed  that  the  conditions  favoring 
this  surprising  result  were  as  follows:  (i)  Small  mass  of  copper  in  the  secondary 
circuit.  (3)  High  resistance  in  the  primary  circuit.  (3)  Low  permeability  of 
the  magnetic  circuit.  When  these  conditions  prevailed  in  sufficient  degree, 
the  secondary  could  be  short-circuited  causing  a  powerful  secondary  current 
but  accompanied  by  a  decrease  of  the  primary  current. 

By  the  well-known  methods  of  alternating  currents  an  equation  was  derived 
representing  the  primary  current  in  terms  of  the  impressed  E.M.F.,  the 
frequency,  and  the  resistances  and  inductances  of  the  primary  and  secondary 
circuits.     This  was  done  in  the  following  manner: 

Assuming  that  the  impressed  E.M.F.  in  the  primary  circuit  is  E  cos  ut,  the 
E.M.F.  equations  for  the  two  circuits  are 


Eliminating  the  secondary  current  between  these  two  differential  equations 
and  assuming  that  the  primary  current  is  i  ~  /  cos  {ut  —  ff)  gives  a  single 
equation.  This  equation  can  be  broken  up  into  two  by  expanding  cob  (ut  —  6), 
collecting  the  coefiidenta  of  sinuJ  and  coswf,  and  equating  each  of  these 
coeflicients  to  zero.  6  may  be  eliminated  between  these  two  equations  thus 
giving  the  desired  result.  If  reactances  be  substituted  instead  of  inductances 
>  Abstract  of  a  paper  pmented  at  the  New  York  meetlDg  of  the  Physical  Society,  October 
It.  1913.      - 
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the  equation  thus  de»red,  when  expressed 


1  its  simplest  form,  becomes: 


£v^W  +  X 


/  is  the  primary  current  and  the  other  symbols  have  tbdr  usual  sigaification, 
except  xii  which  stands  for  amJf  and  may  be  called  mutual  reactance.  When 
the  resistance  of  the  secondary  is  infinite  the  above  equation  reduces  to 


-/Ri^  +  X 


Multiplying  both  terms  of  the  fraction  by  \^ Rf  +  ;ir^  and  simplifying  by 
introducing  impedences,  our  two  equations  become 


■»/(8iEi)*  +  ariiHsji"  +  2R,Rt  ~  2x^xt)' 


/'- 


Ez, 


Now  it  is  obvious  that  the  current  /  for  a  short  circuit  of  the  secondary  will 
be  less  than  /'  if 

aru"  +  2K1K,  -  2x%x,  >  O. 

In  order  to  verify  the  formula  experimentally  a  coil  was  constructed  with  a 
primary  winding  of  1,600  turns  of  No.  16  and  a  secondary  winding  of  ZOO  turns 
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Fig.  1. 

of  the  same  wire.  All  the  constants  of  this  coil  were  carefully  measured.  Then 
a  rheostat  with  known  resistances  was  connected  in  series  with  the  primary  and 
the  primary  current  was  measured  both  for  the  secondary  open  and  short- 
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circuited.  These  currents  are  plotted  against  the  primary  resistances  in  Fig.  [ . 
With  the  aid  of  the  constants  of  the  coil  (also  given  in  the  plot)  the  primary 
current  was  computed  for  each  reustance  used,  according  to  the  equation 
derived  above.  In  all  casee  the  difference  between  observed  and  computed 
results  were  irithin  the  errors  of  observation. 

After  this  work  had  been  entirely  completed  Dr.  Bedell  kindly  called  my 
ettenUon  to  a  paper  by  E.  C.  RJmington,  Phil.  Mag.,  Vol.  37,  p.  394,  in  which 
a  theoretical  treatment  of  the  air  core  transformer  led  to  a  formula  equivalent 
to  the  one  derived  above.  In  a  later  paper  by  Bedell,  Phil.  Mag.,  Vol.  43, 
p.  300,  a  graphical  method  for  studying  the  increase  and  decrease  of  primary 
impedance  when  secondary  Is  dosed  is  indicated. 

Relativity  Theory ;  General  Dynamical  Principles.' 
By  Richard  C.  Toucan. 

THE  Bnstein  theory  of  relativity  has  necessitated  a  revision  of  the  classical 
Newtonian  mechanics.  Some  of  the  consequences  have  already  been 
presented*  of  a  system  of  mechanics  which  is  based  on  Newton's  three  laws  of 
motion,'  the  principle  of  the  conservation  of  mass,  and  the  Einstein  trans- 
formation equations  for  coordinate  systems  tn  relative  motion.  In  the  article 
of  which  this  presents  an  abstract,  the  writer  has  derived  for  a  system  of 
particles  the  important  principles  of  the  conservation  of  momentum  and  of 
the  conservation  of  moment  of  momentum.  A  further  principle  has  been 
derived  corresponding  to  that  of  least  action  which  applies  in  ordinary  me- 
chanics, and  this  leads  to  generalized  equations  of  motion  in  the  Lagrangian 
and  Hamiltonian  (canonical)  forms.  We  find,  however,  that  the  Lagrangian 
function  is  not  to  be  taken  as  equal  to  the  difference  between  the  kinetic  and 
potential  energies  of  the  system  as  in  the  classical  mechanics,  and  the  gen. 
eralized  momenta  used  in  the  modi^ed  Hamiltonian  equations  are  not  to  be 
defined  as  the  partial  differential  of  the  kinetic  energy  with  respect  to  the 
generalized  velocities  as  in  the  older  mechanics.  In  non-Newtonian  mechanics 
the  Lagrangian  function  becomes  L  =  T  —  U,  where  U  is  the  potential  energy 
of  the  system  and  the  function  T  =  2»»oc'(i  —  Vi  —  ^Ic^),  where  mo  is  the 
mass  of  a  particle  at  rest,  q  its  velocity,  c  the  velocity  of  light,  and  the  sum- 
mation £  extends  over  all  the  particles  of  the  system.  The  generalized  mo- 
menta  ^t,  V'li  etc.,  to  be  used  in  the  Hamiltonian  equation  of  motion  are  defined 
in  non-Newtonian  mechanics  by  the  equations  ^1  ~  STjS^i,  ^t  ~  dTld^t, 
etc.,  where  0i,  ^t.  etc.,  are  the  generalized  velocities. 

It  is  hoped  that  this  presentation  of  the  principle  of  least  action  and  its 

'  Abetract  presented  at  the  New  York  meeting  of  the  PhysJcai  Society,  October  tS.  1913. 

>  Lewis  and  Tolman.  PhU.  Mag.,  XVII.,  p.  510  (1909);  Tdman,  Phil.  Mag..  XXI.,  p.  296 
(igil);  XXII..  p.  4S8  {191O;  XXIII..  p.  373  (l9ii>;  XXV.,  p.  ijo  (1913). 

•  In  interpreting  the  l«w«  of  motion  we  must  define  force  In  Newton's  original  form  as 
equal  to  the  rate  of  change  of  momentum  inatead  of  In  the  later  form  as  mass  times  accelera- 
tion, since  the  two  definitions  are  not  identical  when  the  mass  changes  with  the  velocity  as  tt 
does  according  to  the  theory  of  lelativity. 
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consequences,  in  the  modified  form  necessitated  by  the  principle  of  relativity, 
will  assist  in  that  careful  scrutiny  which  now  has  to  be  given  to  all  the  rcsulta 
of  the  older  classical  mechanics.  In  the  present  article  the  use  of  the  gener- 
alized equations  has  been  illustrated  by  the  derivation  of  a  principle  corre- 
sponding to  that  of  vis-viva  in  ordinary  mechanics.  In  a  following  article 
the  ideas  here  developed  will  be  used  in  a  consideration  of  the  important 
problem  of  the  equi- partition  of  energy. 

This  derivation  of  the  principle  of  least  action  from  the  laws  of  motion  is 
also  of  particular  interest,  since  writers  on  relativity'  have  made  considerable 
use  of  the  principle  in  the  fields  of  pure  dynamics,  electromagnetics,  and 
thermodynamics,  without  presenting  any  derivation  in  the  only  field — that 
of  pure  dynamics — where  such  can  be  obtained. 

Relativity  Theory;  thb  Equipartjtion  Law  m  a  System  of  Pakttclbs.* 
Bv  Richard  C.  Touiah. 

THE  principle  of  relativity  necessitates  a  revision  of  the  kinetic  theory  of 
gases.  For  an  ideal  gas  containing  monatomic  molecules,  all  of  which 
have  the  same  mass,  a  modified  form  of  the  Maxwell  distribution  law  for  the 
momenta  of  the  molecules  has  already  been  derived  by  Jllttner.*  In  the 
article,  of  which  this  presents  an  abstract,  the  writer  has  considered  systems 
containing  particles  of  different  masses,  and  derived  also  for  this  case  a  law 
for  the  distribution  of  momenta.  From  this  distribution  law  it  is  shown 
that  the  average  value  of  mtt^l  Vi  —  t*  is  the  same  for  particles  of  ait  different 


This  equipartition  of  (mot*/  Vl  —  u*),,.  is  found  true  not  only  for  a  mixture 
of  particles  of  different  masses,  but  also  for  systems  of  particles  which  are 
separated  by  a  partition  that  allows  transfer  of  energy.  Hence  the  equality 
of  the  average  values  of  this  '<]uantity  becomes  the  relativity  condition  for 
thermal  equilibrium.  Furthermore,  it  is  shown  that  {bw*/  Vl  —  n*),,,  is 
proportional  to  the  absolute  temperature  as  measured  on  the  thermodynamic 
scale,  and  hence  we  see  that  in  all  such  considerations  this  new  quantity 
satisfies  the  same  relations  as  the  vis-viva  fflo>^  in  Newtonian  mechanics,  and 
indeed  reduces  to  that  quantity  when  the  velocities  are  small  compared  with 
that  of  light.  

We  note  immediately,  however,  that  the  quantity  mm^l  Vi  —  t*  is  neither  the 
relativity  expression  for  the  total  energy  of  a  particle  mo  Vi  —  t^  nor  for  the 
kinetic  energy  (»io/  Vi  —  t^)  —  m»)  and  hence  in  relativity  mechanics  there  can 
be  no  possibility  of  an  exact  equipartition  of  energy.  Finally,  the  writer  presents 
a  partial  consideration  of  the  actual  partition  of  energy  attained  at  equilibrium. 

>  Planck.  Ann.  d.  Phyaik,  XXVI.,  p.  t  (I£k>S);  Herglotz.  Ann.  d.  Phyaik,  XXXVI.,  p.  493 
(I9li)i  de  Wianlewski,  Ann.  d.  Phyaik,  XL.,  p.  668  (1913). 

•  Abatract  presented  at  the  New  York  meeting  of  the  Physical  Sodety,  October  IS,  1913. 

•  jmtner,  Ann.  d.  Physik,  XXXIV.,  856  <i9ii). 

•  ■  Ib  the  mtio  of  the  velocity  of  the  particle  to  the  velocity  of  light. 
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College;  Station  A,  Ames,  Iowa. 
Anderson,  S.  Herbert.     (60)     Univ.  of  Washington,  Seattle,  Wash. 
Angell,  M.  T.     (43)     226  E.  First  St.,  Moscow,  Idaho. 
Angstrom,  A.  K.     (68)    Fellow  In  Physics,  Cornell  University,  Ithaca,  N.  Y. 
Aybes,  H.  D.     (38)     B.  F.  Goodwin  Rubber  Co.,  19  Goodwin  Ave.,  Akron, 

Ohio. 
Bacon,  George  Preston.     (41)     59  Perbam  St.,  West  Roxbury  Sta.,  Boston, 

Baldwin,  J.  C.     (67)     Hope,  N.  D. 

Ball,  Albert.     (31)     Assistant  Professor  of  Physics  and  Engineering,  Cooper 

Union,  New  York  City. 
Barber,  W.  Harley.     (43)     Professor  of  Physics,  Ripon  College;  I30  Thorn 

St.,  Ripon,  Wisconsin. 
Bardslbv,  Gzobgb  H.     (61)     University  of  California;  3336  College  Ave., 

Berkeley,  Cal. 
Barker,  Ebnsst  F.     (61)     Instructor  In  Physics,  University  of  Rochester, 

Rochester,  N.  Y. 
Babss,  Wu.  Raymond.     (63)     Mass.  Inst.  Technology,  Boston,  Mass. 
Bateuan,   George   F.     (46)     Instructor,    Department   of    Physics,    Cooper 

Union,  New  York. 
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Beach,  Grace  V.    {65)     141  Loring  Ave.,  Belham,  N.  Y. 
BsALS,  Fbedekice  H.    (62)     Barringer  High  School,  Newark,  N.  J. 
BiDWELL,  C.  C.     Inatructor  in  Physics,  Cornell  University,  Ithaca,  N.  Y. 
BiscHBY,   James   Arthur.     (37)     Professor   of    Physics;  229   Fourth    St, 
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BiRGE,   Raymond   T.     (54)    Syracuse    Univ.   Dept.  of    Physics,  Syracuse, 

N.  Y. 
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Greenwood  Ave.,  Hyde  Park  Station,  Chicago,  III. 
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Mass. 
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Cbapmah,  a.  K.     (6o)     Fellow  in  Physics,  Princeton  University,  Princeton, 

N.J. 
Charles,  Rolun  L.     (49)     Instructor  in  Physics,  Lehigh  Univerdty;  744 

Seneca  St.,  South  Bethlehem,  Pa. 
Chase,  Mabel  Augusta.     (57)    Associate  Professor  Physics,  Mt.  Holyoke 

College,  South  Hadley,  Mass. 
Clark,  Bertha  May.    (31)     Director  of  Sdence,  William  Penn  High  School, 
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Clare,  Harky.     (67)     Jeff.  Phys.  Lab.,  Harvard  Univ.,  Cambridge,  Mass. 
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versity; 1034  Lancaster  Ave.,  Syracuse,  N.  Y. 
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ment of  Physics,  Tulane  University,  New  Orleans,  La. 
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COOLIDGB,   WiLLiAll    D.     (61)     Assistant    Director,    Research    Laboratory, 
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Craighead,  Jaues  R.     (61)     Electrical  Eni^neer,  General  Electric  Co.,  39 

Haigh  Ave.,  Schenectady,  N.  Y. 
Crandall,  I.  B.     {53)    The  Lafayette,  137  W.  12th  St.,  New  York  City. 
Crawford,  William  Walton.     (59)    General  Electric  Co.,  9  Grant  Rd., 

Swampscott,  Mass. 
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Toronto,  Can. 
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D2LLINGEK,  J.  HOWARD.     (43)     Assistant  Physiost,  Bureau  of  Staodards, 

Washington,  D.  C. 
Dike,  Paul  Harrison.     (49)     Professor  of  Phy^cs,  Coraell  College,  Mount 

Vernon,  Iowa. 
Ditto,  R.  C.     (54)     Department  of  Physics,  DenisOn  University,  Granville, 

Ohio. 
Dodge,  Houer  L.     (56)     Assistant  Instructor  in  Physics,  State  University  of 
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Elston,  T.  S.     {49)     University  of  California,  Berkeley,  Calif. 
Evans,  R.  D,     (67)     Jeff.  Phys.  Lab.,  Harvard  Univ.,  Cambridge,  Mass. 
Fairbanks,  Floyd  C.     (49)     Instructor  in  Physics,  Drexel  Institute,  Phila- 
delphia, Pa. 
Farmer,  F.  M.     (53)    44  West  96th  St.,  New  York  City. 
Fahwell,  Heruon  W.     (36)     Instructor  in  Physics,  Columbia  Univerwty, 

New  York  City. 
Fenninger,  William  N.     (60)     Dept.   Physics,  Pratt  Institute,  Brooklyn, 

N.  V. 
Field,  R.  F.     (60)     Instructor  in  Physics,  Brown  Univeraty;  35  Wilson  St, 
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Fisher.  H.  W.     (67)     Huguenot  Park,  Staten  Island,  N.  Y. 
Fitch,  T.  T.     (49)     As^stant  Physicist,  Bureau  of  Standards,  Washington, 

D.  C. 
Fletcher,  Harvey.     (60)     Professor  of  Physics,  Brigham  Young  University, 
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FoOTE,  Paul  D.     (S5)    Asst.  Physicist,  Bureau  of  Standards,  Washington, 

D.  C. 
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FORSYTHE,  W.  E.     (55)     Nat.  Elec,  Lamp.  Assoc.,  Cleveland;  O. 

Fountain,  C.  R.     (30)     Univ.  of  Georgia,  Athens,  Ga. 

Fraim,  Park  B.     (65)     Lehigh  Univ.,  S.  Bethlehem,  Pa. 
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University  of  Toronto,  Toronto,  Canada. 
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Goodwin,  W.  N.,  Jr.     (31)    Chief  Electrical  Engineer,  Weston  Electrical 

Instrument  Co.,  Waverly  Park,  N.  J. 
Go uchek,  Frederick  S.     (62)     Livingston  Hall,  Columbia  Univerdty,  New 

York  City. 
Gowdy,  Robert  Clyde.     (46)     Instructor  in  Physics,  Department  of  Physics, 

Lehigh  University,  South  Bethlehem,  Pa, 
Grantham,  G.  E.     (67)     Inst.  Physics,  Purdue  Univ.,  Lafayette,  Ind. 
Greene,  Clarence  Wilson.     (55)     Professor  of  Physics,  Albion  College, 

Albion,  Michigan. 
Greenlaw,  Frank  M.     (38)     Head  of  Science  Department,  Rogers  High 

School;  29  Mann  Ave.,  Newport,  R.  I. 
Griffin,  H.  G.     (65)     Bureau  of  Standards,  Washington,  D.  C. 
Grondabl,  L.  0.     (36)     Carnegie  Inst,  of  Technology,  Pittsburgh,  Pa. 
Gurney,  Lawrence  E.     (35)     University  of  Idahp,  Moscow,  Idaho. 
Hake,  J.  W.     (65)     Northwestern  Univ.,  Evanston,  111. 
Halb,  C.  F.     (67)    Albany  State  College,  Albany,  N.  Y. 
Haley,  Francis  R.    (57)     Professor  of  Physics,  Acadia  College,  Wolfville, 

Nova  Scotia. 
Ham,  Frank  W.     (52)     State  College  of  Agriculture,  Bozeman,  Mont. 
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Ham,  WiLLiAM-R.    (31)     Profetsor  of  Physics,  Pennajdvania  State  College: 

State  College,  Pennsylvania. 
Harkins,  M.  R.     (60)     Instructor  in  Physics,  University  of  PennsylvaniA, 

Philadelphia,  Pa. 
Harpbr,  D.  Roberts,  3d.     (31}     Assistant  Phyuctst,  Bureau  of  Standards, 

Washington,  D.  C. 
Hartmann,  F.  M.     (31)     Professor  of  Electrical  and  Mechanical  Engineering, 

Cooper  Union,  New  York. 
Harvey,  Frederic  A.    {31)    Assistant  Professor  of  Physics,  Steele  Hall  of 

Physics;  Syracuse  University,  Syracuse,  N.  Y. 
Hasbmam,  W.  p.     (31)     Univ.  of  Oklahoma,  Norman,  Oklahoma. 
Heaps,  Claude  W.     (54)     13  Allen  PI.,  Columbia,  Mo. 
Hbil,  H.  G.     (31)     Instructor  in  Physics,  Ohio  State  University,  Columbus,  . 

Ohio. 
Henderson,  W.  D.     (35)     University  of  Michigan;  looi  Forest  Ave.,  Ann 

Arbor,  Mich. 
Hbndrem,  Limvillb  L.     (37)     Professor  of  Physics,  University  of  Georgia, 

Athene,  Ga. 
Hbrsberg,  Walter  F.     (68)     Electrician;  160  E.  Ontario  St.,  Chicago,  111. 
Hitcbcoce,  George  G.     (37)     Professor  of  Physics,  Pomona  College,  Clare- 

mont,  California. 
HoBBS,  G.  M.     (30)     Secretary  American  School  of  Correspondence:  58th 

and  Drexel  Ave.,  Chicago,  III. 
Hodgb,   Percy.     (30)     Professor  of  Physics,  Stevens  Inst,  of  Technology, 

Hoboken,  N.  J. 
Hodguan,  C.  D.     (46)     Instructor  in  Physics,  Case  School  of  Applied  Sdencei 

Cleveland,  Ohio. 
HoLLNAGEL,  HERBERT  P.     (38}     Mass.  Inst.  Technology,;  iS6  Hamilton  St. 

Dorchester,  Mass. 
Hornbeae,  John  W.     (6o)     510  E.  5th  St.,  Northfield,  Minn. 
Howe,  Harley  E.     (40)     Randolph-Macon  College,  Ashlsnd,  Va. 
Hoyt,  John  E.     (31)     5443  Pine  St.,  Philadelphia,  Pa. 
Hull,  Albert  W.     (49)     Instructor  in  Physics,  Worcester  Polytechnic  Insti- 
tute, Worcester,  Mass. 
Hubbr,  Chas.  L.    (67)     Y.  M.  C.  A.,  Buffalo.  N.  Y. 
HuFFORD,  Mason  E.    (67)    6032  Kimbark  Ave.,  Chicago,  111. 
Huntington,  W.  C.     (49}     University  of  Colorado,  Boulder,  Colorado. 
Hurlburt,    E.    0.     (68)     Assistant    Physicist,    Johns    Hopldns    University, 

Baltimore,  Md. 
Irvin,  Oscar  W.    (66)    Toledo  Univ.,  Toledo,  Ohio. 
Irving,  Thohas  P.    (49)     Professor  of  Physics,  Univeruty  of  Notre  Dame, 

Notre  Dame,  Ind. 
Johannsson,  Johann  G.     (65)     Poplar  Park,  via  East  Selkirk,  Manitoba, 

Canada. 
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Johnson,  Elbe  H.  (59)  Instructor  in  Physice,  University  of  WiBConua, 
Madison,  Wis. 

Jones,  Arthur  Tabbr,     (31)     Iowa  State  College,  Ames,  Iowa. 

Jones,  Lloyd.     (68)    3  Kodak  Park,  Rochester,  N.  Y. 

Jones,  0.  H.     (65)     Northwestern  University,  Evanston,  111. 

Karker,  Enoch.     (62)     Johns  Hopkins  University,  Baltimore,  Md. 

Karrer,  Sebastian.     (62)    4711  10th  Ave.,  N.  E.,  Seattle,  Wash. 

Kekble,  William  H.     (43)     5556  Ellis  Ave.,  Chicago,  111. 

Kehbls,  Edwin  Crawford.  {51)  66  College  House,  Howard  Sq.,  Cam- 
bridge, Mass. 

Kehdbll,  Burton  W.  (51)  Care  of  Weston  Flee.  Co.,  463  West  St..  New 
York  City. 

Kersbner,  Jefferson  E.  (37)  Professor  of  Mathematics  and  Physics  in 
Franklin  and  Marshall  College,  also  Consulting  Engineer;  445  W.  Chest- 
nut St.,  Lancaster,  Pa. 

Keybs,  F.  G.  (44)  Instructoi  in  Theoretical  Chemistry,  Mass.  Institute  of 
Technology,  Boston,  Mass. 

KiLBY,  C.  M.  C36)  Professor  of  Physics  and  Astronomy,  College  Park  P.  0., 
Lynchburg,  Va. 

Knoll,  Lloyd  Monroe.  (54)  Instructor  in  Phydcs,  Central  High  School; 
3363  Chestnut  St.,  Philadelphia,  Pa. 

Knowlton,  A.  A.  (51)  Associate  Professor  Physics,  University  of  Utah, 
Salt  Lake  City,  Uuh. 

Knowlton,  A,  E.     (51)    Trinity  College,  Hartford,  Conn. 

KouYOUUjiAN,  H.  K.  (39)  Consulting  Engineer;  701  Commercial  Building, 
Cleveland,  Ohio. 

KUBBNB,  J.  M.  (35)  Adjunct  Professor  of  Physics,  University  of  Texas;  716 
West  33rd  St.,  Austin,  Texas. 

Lake,  C.  H.     (49)     Prin.,  Central  High  School,  Hamilton,  Ohio. 

Langford,  Grace.  (57)  Instructor  in  Physics,  Barnard  College,  Columbia 
University,  New  York  City. 

Languuir,  Irving.  (6)  Research  Chemist,  General  Elec.  Co.,  Schenectady, 
N.  Y. 

Lawton,  Ellis  E.  (37)  Elec.  Eng.  Dept.,  Syracuse  Univerdty,  Syracuse, 
N.  Y. 

Lee,  Claudius.  (39)  Assodate  Professor  of  Dectrical  Engineering,  Virginia 
Polytechnic  Institute,  Blacksburg,  Va. 

Lee,  Jobn  Yiubomg.  (44)  Assistant  in  Physics,  Ryerson  Physical  Labora- 
tory, University  of  Chic^o,  Chicago,  III. 

Lemon,  Harvby  B.  (44)  Instructor  in  Physics,  Ryerson  Physical  Labora- 
tory, University  of  Chicago,  Chicago,  111. 

LbPage,  Prof.  C.  B.  (49)  Assodate  Professor  of  Physics,  Stevens  Institute 
of  Technology,  Hoboken,  N.  J.;  Home,  Stanford,  Conn. 

Lester,  Horace  H.     (63)     190  Nassau  St.,  Princeton,  N.  J. 
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Lbstbk,  Olivbk  C.     (31)     Profeesor  ol  PhyBica,  University  of  Colorado;  I121 

Eleventh  St.,  Boulder,  Colo. 
LoTSA,  Alfred  J.     (53)     Editor  of  the  Scientific  American  Supplement;  361 

Broadway,  New  York  City. 
Loving,  Robert  Edward.     (31)     Professor  of  Physics,  Richmond  College, 

Richmond,  Virginia. 
LUCKIESH,  M.     (60)     Asst.  Physicist,  Physical  Laboratory,  National  Electric 

Lamp  Association;  Box  387,  4503  Hough  Ave.,  Cleveland,  Ohio. 
McCauley,  G.  V.     (55)     Instructor  in  Physics,   Northwestern  University; 

1029  Ayres  Place,  Evanston,  111. 
McDowell,    Louise    Sherwood.     (48)    Associate    Professor    of    Physics, 

Wellesley  College;  The  Ridgeway,  Wellesley,  Mass. 
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